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PREFACE 


Tuts book contains the substance of five lectures delivered 
at The Franklin Institute, Philadelphia, in April, 1923. My 
warmest thanks are due to the Members of the Institute whose 
admirable arrangements and boundless hospitality made the 
delivery of these lectures one of the most delightful episodes in 
my life. The choice of chemistry as a subject for lectures by 
one whose work has been mainly in physics seems to call for 
some explanation. 

It has been customary to divide the study of the properties 
of matter into two sciences, physics and chemistry. In the past 
the distinction was a real one owing to our ignorance of the 
structures of the atom and the molecule. The region inside the 
atom or molecule was an unknown territory in the older physics, 
which had no explanation to offer as to why the properties of 
an atom of one element differed from those of another element. 
As chemistry is concerned mainly with these differences there 
was a very real division between the two sciences. 

In the course of the last quarter of a century, however, the 
physicists have penetrated into this territory and have arrived at 
conceptions of the atom and molecule which indicate the way 
in which one kind of atom differs from another and how one atom 
unites with others to form molecules. These are just the prob- 
lems which are dealt with by the chemists and thus if the modern 
conception of the atom is correct the barrier which separated 
physics from chemistry has been removed. 

From many points of view the chemical side seems to be the 
one on which the most striking developments of the newer physics 
may be expected. In the first place the problems are of the 
greatest intrinsic importance and, secondly, in the vast mass of 
information accumulated by chemists with regard to the com- 
bination of atoms we have unrivalled means of testing the truth 
of any conclusion to which the theory may lead us. 

In the newer physics the atom is regarded as made up of 
a number of electrons arranged round a central charge of positive 
electricity. The number and arrangement of the electrons deter- 
mine the properties of the atom and the action of one atom on 
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another. The electron is the dominating factor in these problems 
which are just those with which the chemist is most concerned 
and hence it would seem that the electron must be the dominating 
factor in chemical theory and that it is important to interpret 
chemical problems in terms of electrons and their arrangements. 
The object of these lectures was to make an attempt to do this. 
I have in them limited myself to the consideration of the chemical 
aspects of the electron theory of the atom and have followed a 
theory of the relation of the electron to chemistry at which I 
have been working for many years and which has been the subject 
of numerous lectures at the Royal Institution, London, and of 
several papers in the Philosophical Magazine. 
J. J. THomson. 
Trinity Lopce, 
CAMBRIDGE, June, 1923. 
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THE ELECTRON IN CHEMISTRY 


CHAPTER 


I ouGHT to explain why it is that I, who am a physicist and 
not a chemist, have chosen chemistry as the subject of these lec- 
tures. I have done so because I believe that the introduction of 
the idea of the electron will break down, and indeed has already 
done so to some extent, the barrier of ignorance which has divided 
the study of the properties of matter into two distinct sciences, 
physics and chemistry. The properties of matter which are of 
primary importance to the chemist are those which relate to the 
power of atoms to unite together to form new combinations, new 
compounds. The ability to do this and the type of compound 
formed vary enormously from one chemical element to another. 
Until recently the conception formed by the physicist of the atom 
afforded no clue to this variation in the chemical properties of the 
atom and gave therefore but little guidance to the chemist in what 
he regarded, and quite rightly, as the most important part of 
his work. The chemist wants to know much more about the dif- 
ference between an atom of hydrogen and one of oxygen than that 
the atom of hydrogen is a small particle of one kind of matter and 
the atom of oxygen a heavier particle of another kind of matter. 
This lack of knowledge led to a proposal made by a distinguished 
chemist at the beginning of this century to give up the atomic 
theory and base chemistry on statistical and thermodynami- 
cal considerations. : 

The chemist wants to know the reason why the behaviour of 
an atom of hydrogen is so different from that of one of oxygen. 
This must depend upon the differences in the constitution of the 
two atoms themselves. Thus to explain the difference between 
the chemical properties of different atoms we have to go a stage 
further than the atomic theory. Just as some of the physical 
properties of matter in bulk had required for their explanation 
the conception that matter is not continuous but has a structure 
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of finite and measurable fineness, so no progress could be made 
towards the explanation of their chemical-properties until we gave 
up the idea that the atom was indivisible, continuous and uniform, 
and assigned to atoms as well as to solids and liquids a structure 
of their own. The discovery of the electron in 1897 was the first 
direct evidence of such a structure. It was shown that these 
electrons came from all types of atoms, and that whatever the 
source there was only one kind of electron, which has a mass only 
about 1/1700 that of an atom of hydrogen and carries a 
charge of negative electricity numerically equal to the positive 
charge associated with an atom of hydrogen in the electrolysis 
of solutions. 

Thus an invariable electron was proved to be a constituent 
of all atoms. Means were then devised to measure the number 
of electrons in the atoms of the different chemical elements. It 
was found that this number was finite and varied from element to 
element, and that the number of electrons in the atom of an ele- 
ment was equal to the atomic number of the element: the atomic 
number of an element being its place in the list when the elements 
are arranged in the order of their atomic weights. As the atomic 
number is roughly proportional to the atomic weight the propor- 
tion between the mass of the electrons and the total mass of an 
atom is, except for hydrogen, much the same for all atoms. The 
electrons, however, only account for about 1/3400 of the whole 
niass, for most purposes a negligible fraction. 

The greater part of the mass is accounted for by the positively 
electrified part of the atom. The electrons are all negatively elec- 
trified and as the normal atom is electrically neutral, there must be 
within it a positive charge to balance the negative one on the elec- 
trons. This positive charge, as experiments on positive rays show, 
is attached to a mass equal to the mass of the atom. Thus the car- 
rier of the positive charge, unlike that of the negative, varies from 
element to element. As the mass of the positive charge is always 
an integral multiple of a unit, it is natural to suppose that this 
mass is made up of a number of units bound together. The 
number of such units is equal to the atomic weight and the num- 
ber of electrons approximately half that number, if each unit of 
mass carrie$ the atomic charge of positive electricity, the quantity 
of positive electricity would be too large unless these positive 
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units were associated with about half their number of electrons. 
Thus, in addition to the structure conferred by the electrons, the 
positively electrified parts have themselves a structure, it is the 
structure conferred by the electrons which is responsible for the 
chemical properties of the atom, the structure of the positive core 
is concerned with radioactive transformations. 

As up to the present nothing has been discovered that cannot 
be resolved into electrons and positively electrified particles, it is 
natural to frame a theory of the structure of the atom on the 
supposition that it 1s built up of these two ingredients. It should 
be borne in mind, however, that our means of detecting the exist- 
ence of electrically charged bodies far surpass those for detecting 
uncharged ones, and if there were any uncharged constituents of 
the atom, they would in any case probably have escaped detection. 
We know, however, that even supposing such constituents do 
exist, their mass must be negligible compared with that of the 
‘positive parts, for these parts account for well within a fraction of 
a per cent. of the whole mass of the atom. 


ARRANGEMENT OF ELECTRONS IN THE ATOM. 


Confining ourselves then to the consideration of things whose 
existence has been demonstrated we regard the atom as made 
up of a massive positively electrified centre surrounded by elec- 
trons. The number of electrons increasing from one in the atom 
of hydrogen to a hundred or more in the heavier elements. The 
positive charge of the centre and the negative charges on the elec- 
trons will produce a field of electrical force which will be deter- 
minable when the position of the electrons can be specified. Thus 
the force exerted by the atom and therefore its chemical properties 
will depend upon the configuration of the electrons and to deter- 
mine this is one of the most important problems in the electron 
theory of chemistry. . 

This problem is that of determining the way the electrons will 
arrange themselves under the action of their mutual repulsions and 
the forces exerted upon them by the positive charge. 

In the first place we observe that if these forces were to vary 
strictly as the inverse square of the distance we know by Earn- 
shaw’s theorem that no stable configuration in which the electrons 
are at rest or oscillating about positions of equilibrium is possible, 
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the electrons must describe orbits, and further they must describe 
different orbits; for such a system as that in Saturn’s rings where 
several units follow each other round the same orbit is not possible 
when the units, as the electrons would do, repel each other instead 
of attracting one another like the constituents of Saturn’s rings. 
When there are several electrons in the atom the orbits described 
by the electrons would be of great complexity, and the mental pic- 
ture conveyed by this multitude of orbits would be too blurred 
and complicated to be of much assistance in helping us to get 
readily a clear idea of what is going on in chemical processes. 

I have therefore adopted the plan of supposing that the law 
of force between the positive part and the electrons is, at the 
distances with which we have to deal in the atom, not strictly 
that of the inverse square, but a more complex one which changes 
from attraction to repulsion as the distance between the positive 
charge and the electron diminishes. This hypothesis leads to a 
simple mental picture of the structure of the atom and its conse- 
quences are in close agreement with the facts of chemistry. 1 
suppose that the repulsive force between two electrons is always 
inversely proportional to the square of the distance. With regard 
to this point I may point out that we have no direct evidence as to 
what may be the law of force between electrical charges at dis- 
tances comparable to 10°8 cm., which is a distance which we have 
reason to believe is comparable with that which separates the 
positive charge from the electron in the atom. The direct experi- 
mental verification of this law has been of course made at incom- 
parably greater distances, while the direct experiments, such as 
those on the scattering of the alpha particles, only give information 
as to the law at distances very small compared with 10% cm. 

I shall assume that the law of force between a positive charge 
and an electron is expressed by the equation 


poe (eae) (1) 


where F is the attraction between the charges, E, e, the positive 
and negative charges on the core and electrons, respectively, r 
the distance between them and c is a constant varying from one 
kind of atorn to another, it is the distance at which the force 
changes from attraction to repulsion and is of the order of to-$ cm. 
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We may remark in passing that the introduction of some new 
physical law, involving directly or indirectly a length of this order, 
is necessary for any theory of the structure of atoms. We could 
not form a theory at all if all we knew about the action of electric 
charges was that they repelled or attracted inversely as the square 
of the distance, for this would put at our disposal only two quanti- 
ties, the mass of an electron and its charge, and so could not fur- 
nish the three units of space, mass and time required for any 
physical theory. The discovery of the induction of currents or 
what is equivalent, the magnetic effect due to electric charges, 
introduced another fundamental unit the velocity of light; the unit 
of length to which this system leads is the radius of the electron, 
about 10°! cm., a quantity of quite different order from 10% cm., 
which corresponds to atomic dimensions. The size of atoms 
being what it is, is a proof that there is some law of physics 
not recognized in the older science which is all-important in con- 
nection with the theory of the atom and must form the basis of 
that theory. 

If the law of force is that just given, then a number of elec- 
trons can be in stable equilibrium around a positive charge without 
necessarily describing orbits around it. 


ONE ELECTRON ATOM. 


Thus, for example, if there is one electron it will be in stable 
equilibrium at a distance c, from the positive charge. 


TWO ELECTRON ATOM. 


If there are two electrons they will be in equilibrium with the 
positive charge midway between them, 7 the distance of either 
electron from the positive charge is given by the equation 


Ee io) e 

ye (:- Nae (2) 
When the positive charge and the two electrons form an electri- 
cally neutral system EF = 2e, so that co/r = 78 or r= 1.14 Co. 


THREE ELECTRON ATOM. 


When there are three electrons, they will be in equilibrium at 
the corners of an equilateral triangle with the positive charge at 
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the centre. 7, the distance of any electron from the centre, is 
given by the equation 


3 (1 8) = 2 cos A : 
PD) iy S3 (3) 


When the system is electrically neutral E=3e, so that 
7 = 1.24 C3. 

FOUR ELECTRON ATOM. 

The most symmetrical arrangement of four electrons is when 
they are at the corners of a regular tetrahedron. The distance of 
the electrons from the centre when the atom is neutral is equal to 
1.29 cy. The tetrahedron may be regarded as the ends of two 
equal lines at right angles to each other and also to the line 
joining their middle points. 


FIVE ELECTRON ATOM. 

Five electrons are in equilibrium when arranged so that three 
are at the corners of an equilateral triangle, the other two at the 
ends of a line passing through the centre of the triangle and at 
right angles to its plane; the line is bisected by the plane of the 
triangle. The distance of the electrons in the triangle from the 
centreis 1-34 cz, that of the other two 1337-c, 


SIX ELECTRON ATOM. 

Six electrons are in equilibrium when at the corners of a regu- 
lar octahedron. For some purposes it is convenient to regard the 
octahedron as two equilateral triangles at right angles to the line 
joining their centres, one triangle being twisted relatively to the 
other so that the projection of their corners on a parallel plane 
forms a regular hexagon. The distance of the electrons from the 


centre is 1.38 Cg. 
SEVEN ELECTRON ATOM. 


Seven electrons arrange themselves so that five are at the 
corners of a regular pentagon while the two others are at the ends 
of a line through the centre at right angles to the plane of the 
pentagon and which is bisected by that plane. The distance of 
the electrons in the pentagon from the centre is 1.4 c;, that of the 


other two 1.37 ¢;. 
EIGHT ELECTRON ATOM. 


Eight eleetrons arrange themselves at the corners of a twisted 
cube, a figure obtained by taking two squares, placing them parallel 
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to each other and at right angles to the line joining their centres, 
and twisting them relatively to each other so that the projection of 
their corners on a parallel plane forms a regular octagon. 


CONFIGURATION WHEN THE NUMBER OF ELECTRONS IS GREATER 
THAN EIGHT. 

The following considerations show, however, that there must 
come a stage when it will no longer-be possible to have all the 
electrons at the corners of a regular polyhedron. 

To keep the electrons in stable equilibrium in spite of their 
mutual repulsion requires a finite positive charge and the greater 
the number of electrons and therefore the smaller the angular dis- 
tance between an electron and its nearest neighbour, the greater 
the positive charge must be. 

In Table I, I give the results of a calculation of the posi- 
tive charge E required to keep m electrons in stable equilibrium. 
The first line refers to the two-dimensional problem, when the 
electrons are arranged at equal intervals round the circumference 
of a circle with a positive charge at the centre; the second line 
refers to the three-dimensional problem when the electrons are at 
the corners of a polyhedron. 

These numbers are for a law of force between the positive 


charge and the electron represented by a( 1-*) - -liethespatt 


of the force which does not vary inversely as the square of the 
distance varies inversely as some higher power than the cube, 
then the number of electrons which a given positive charge can 
keep in stable equilibrium will be increased. 


Taste I. 


Two-dimensional problem. 


nm =I 2) 3 | 4 5 6 7 IO 12 14 | 16 8 
ee One 7S tS ol oeLOul 4a Onl 72 Senn L428 24483) 138.0) |) 58 83 115 
Three-dimensional problem. 
n=1 | 2 3 4 6 8 | 12 | 20 
E/e>o 75 1.58 2.44 4.8 7.6 13 30 


Confining ourselves for the moment to the case when the 


force is represented by [= = I -*), we see from the second 
if 


table that when the number of electrons is not greater than eight, 
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the electrons can be kept in equilibrium by a positive charge equal 
to the sum of the negative charges on the electrons, which is the 
greatest positive charge which can occur in a’neutral atom. So 
that when the number of electrons is not greater than eight, a 
neutral atom can have these electrons arranged symmetrically at 
the same distance from the centre at the corners of a regular poly- 
hedron. When, however, the number exceeds eight this is no 
longer possible. For we see from the table that to keep, say, 
nine electrons in stable equilibrium would require a positive 
charge more than ge, where e is the charge on an electron, but in 
a neutral molecule ge is the maximum positive charge available 
when there are nine electrons in the atom. Thus the regular 
progression in the arrangement breaks down when the electrons 
amount to eight and a new arrangement must come into force. 
Let us suppose that there are nine electrons; then these nine cannot 
all be arranged at the same distance from the centre, for this 
arrangement would be unstable since a positive charge of nine 1s 
insufficient to keep nine electrons in stable equilibrium. The 
charge ge could, however, keep eight electrons in stable equilibrium 
at the same distance from the centre, leaving one to go outside. 
The distance of the eight electrons from the central charge would 
be 1.38 cy, that of the single electron would be 9 cy. So that the 
single electron would be a long way out from the centre of 
the atom. 

If there are ten electrons, these can be arranged so that eight 
form a layer round the centre and two go outside, the distance of 
the eight from the centre would be 1.33 c,y, that of the two out- 
lying ones would be 5.7 ¢yo. 

Eleven electrons can be arranged with an inner layer of eight 
and an outer one of three, the distance of the inner one from the 
centre would be 1.3 ¢,,, that of the outer one 4.625 cy. 

Twelve electrons might be arranged with an inner layer of 
eight, radius 1.26 c,, and an outer layer of four, radius 3.9 Cyp. 

Thirteen electrons, with an inner layer of eight, radius 1.22 
Gyg and an outer layer of five; mean radius 3.52 c,2, 

Fourteen electrons, with an inner layer of eight, radius 1.22 
Cys and.an outer layer Of six; tadiuss.22.c),. 

Fifteen electrons, with an inner layer of eight, radius 1.2 ¢;; 
and an outer layer of seven, mean radius 3.1 ¢,;. 
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Sixteen electrons, with an inner layer of eight, radius 1.18 cy¢; 
and an outer layer of eight, radius 2.9 cy,. 

We have now got eight electrons on the outer layer and there 
is not accommodation for any more; for since the atom is neutral 
the excess of positive over negative electricity in the system con- 
sisting of the central charge and the inner layer is equal to the 
charge on the electrons in the outer layer, thus if there were nine 
electrons in the outer layer there would be only an effective posi- 
tive charge of nine to keep them in equilibrium. We can, however, 
get a system which will be in stable equilibrium if the electrons 
proceed to form a third shell; thus, if there are seventeen electrons, 
we could have an inner shell of eight, then another shell of eight 
and then an electron a long way outside. If we had eighteen 
electrons we should get two shells of eight and two electrons out- 
side, and so on, until with twenty-four electrons we shall have 
filled up the third shell and have to begin again. 

Let us now arrange the lighter elements in the order of the 
number of electrons they contain, and place underneath the symbol 
for the element the number of electrons in the outer layer of the 
atom. ‘The number of free electrons in the atom has been taken as 
two less than the atomic number of the element, since two elec- 
trons always seem to cluster round the centre core and form a 
system by themselves. 


TABLE II. 
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THE PERIODIC LAW. 


Thus, if we arrange the elements in the order of the number of 
electrons in the atom, which we have seen is the same as the order 
of the atomic weights, there will be a periodicity in the number 
of electrons in the outer layer. It will increase from one to eight, 
then drop again to one; increase again to eight, drop to one, and 
so on. Thus, as far as properties depending upon the outer layer 
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are concerned, the elements will show a periodicity in their proper- 
ties similar to that expressed by Mendeleef’s periodic law 
in chemistry. ce 

We shall show later on that the valency is a property depending 
on the number of electrons in the outer layer, the electropositive 
valency being proportional to that number, so that this type of 
atom would explain the periodic law. 


VARIATION OF THE NUMBER OF ELEMENTS IN A PERIOD. 


We have supposed that when the positive charge and there- 
fore the number of electrons in the atom is increased by unity, the 
additional electron goes to the outer layer. This need not, how- 
ever, necessarily be the case. When the positive charge is in- 
creased, the number of electrons which it can hold in stable 
equilibrium on a spherical layer with its centre at the atom 
increases also; thus a large positive charge at the centre could hold 
more than eight electrons in the inner layer, and so the additional 
electron might, instead of going to the outside, find accommo- 
dation on one of the inner layers. Thus, since the valency depends 
on the number of electrons in the outer layer, if the additional 
electron was trapped in an inner layer, two consecutive elements, 
though they would have different atomic weights, would have 
the same valency. When there are a large number of electrons in 
the atom arranged in many layers it may require the addition of 
several electrons to the atom before there 1s any increase in the 
number in the outer layer and thus there might be a considerable 
number of adjacent elements with different atomic weights but 
with very similar chemical properties. There are groups of 
elements such as the iron, nickel and cobalt group, the rhodium 
group, the crowd of elements known as the rare earths, and the 
platinum group which fulfil this condition. 


ALLOTROPIC FORMS. 


There is in general more than one way in which the electrons 
can be arranged in stable equilibrium and though one particular 
arrangement may have the absolute minimum potential energy, yet 
calculation shows that in some cases the difference in potential 
energy between this configuration and some other one is exceed- 
ingly small and changes in the surroundings may change the bal- 
ance in favour of one or the other. If these configurations have 
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different numbers of electrons in the outer layer, then they will 
correspond to forms with different valencies, and thus we may 
look in this direction for an explanation of the variable valencies 
shown by some elements. We shall return to this point later on. 

The table, next page, calculated by Miss Woodward, gives in 
the third column the potential energy corresponding to the various 
arrangements of the electrons in atoms containing from three to 
eight electrons. The second column contains the distances of the 
electrons from the centre of the atom. Thus the figures corre- 
sponding to the arrangement of seven electrons in a double trian- 
gular pyramid with two electrons outside on the axis of the 
pyramid, indicate that the electrons on the triangular base are at a 
distance 1.244 c from the centre; those at a vertex of the inner 
pyramid at the distance 1.191 c while the outer electrons are at 
a distance 4.316 c. 

A simple example of the small difference in the potential 
energy between different configurations is afforded by an atom 
containing five electrons. We have described one such configura- 
tion when the five electrons were approximately at the same dis- 
tance from the centre. There is, however, as we see from the 
table, another arrangement where four electrons are at the cor- 
ners of a regular tetrahedron with its centre at the positive charge, 
while the fifth electron is a long way outside the tetrahedron. 
The mean distance of the electrons on the tetrahedron from the 
centre is approximately 1.22 c,; where c; is the value of c for the 
fifth electron atom, while that of the outside electron is approxi- 
mately 5 c;, 1.e., more than four times greater. The potential 
energy of the second configuration is only about two per cent. 
greater than the first, thus there would be no great tendency for 
the second configuration to pass back to the other. The properties 
of the two configurations would, however, be quite different, 1n the 
second configuration we have a single electron far away from the 
others, this, as we have seen, is also the case with the alkali metals, 
in this configuration the five electron atom might be expected 
to show some of the properties of a monovalent element, in the 
other it would be pentavalent. 


ACTIVE NITROGEN. 


As nitrogen has an atom with five disposable electrons, it 
seems possible that the active form of nitrogen discovered by the 
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Taste III. 


Potential Energy of Atoms with Three to, Eight Electrons. 


Distances of Electrons 


POEUN TORE Potential Energy. 


Arrangement of Electrons. 


Eight electrons. 


(1) One layer—twisted cube 1.447 € -16.75 e/c 

(ii) One layer—cube : 1.446 ¢ —15.28 e?/c 
(ii) Two layers—tetrahedra 1.105 ¢ (4) é 

. = 14. G 

similarly orientated 1 3.108 ¢ (4) Uae 

; : .  nZkee ls) ) 

(iv) Two layers—six electrons: ie J 1.267 ¢ (2) ~ 15.012 e/¢ 
inner, two in outer ring 4.80 c (2) f 
Seven electrons. 
p 
1.37 ¢ (2) 
(i) One layer il 1436 ¢.(5) ie 12.181 e?/c 
(i1) Two layers—five in inner, two NS) ) A 
‘ 4 ien@ine (2) — 12.096 e’/c 
In outer ring 
L 4.316 ¢ (2) { 
Six electrons. 
(i) One layer 1.385 ¢ — 9.40 e’/c 
(ii) Two layers—four in inner, two 1.196 ¢ (4) —~ 8.868 e/c 
in outer ring Gace) 
Five electrons. 

i) One layer 1.342 ¢ (3) = e 
(i) y { iO) 6.806 e*/c 
(ii) Two layers—four in inner, one 1.273 ¢ (3) } 

F F 1.134 ¢ (1) — 6.667 e’/c 
in outer ring 
l 5.105 c (1) 
Four electrons. 
(1) One layer—corners of square 1.208 ¢ — 4.748 e’/c 
Three electrons. 

(1) One layer—equilateral triangle 1.238 ¢ — 2.934 e*/c 
v : ; 1.087 ¢ 
(11) Electrons on a straight line 1.035 ¢ —~ 2.787 e*/c 

through atom 3.577 C 


present Lord Rayleigh may have this configuration. This active 
form is produced by passing an electric discharge through nitrogen 
and it is clear that 1f an atom were first ionised by the detachment 
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of an electron the conditions would be favourable for the produc- 
tion of the configuration under consideration. For when the first 
electron is detached the remaining four will naturally arrange 
themselves in a tetrahedron round the centre, thus the nucleus of 
the configuration is already there and an additional electron at 
some distance from the centre would be more likely to take up a 
position outside than to force itself into the tetrahedron. As the 
second form has, like the alkali metals, a single electron at a great 
distance from the centre, we should expect that like them it would 
be attacked vigorously by halogens, and that as the outlying elec- 
tron would require little work to detach it, this form of nitrogen 
would be easily ionised; both these properties are characteristic of 
Lord Rayleigh’s active nitrogen. 

We see that besides the two forms for the five electron atom 
there are forms both for the six and seven electron atoms (e.g., 
oxygen and fluorine) which differ little in their potential energy in 
which two electrons are separated from the rest. These would tend 
to be formed if the atoms were ionised so as to lose two electrons 
and then regained these electrons. As the number of atoms which 
lose two electrons when the electric discharge passes through a 
gas is small compared with the number which only lose one, we 
should not expect these modifications of oxygen and fluorine to 
be produced so freely as that of nitrogen. 


EXPERIMENTAL EVIDENCE AS TO THE CONFIGURATION OF ELECTRONS 
IN THE ATOM. 


We may hope when our sources of Rontgen radiation are 
more powerful to be able to obtain evidence of this by observing 
the interference effects produced when Rontgen rays pass through 
large numbers of neutral atoms. If the orientation of these atoms 
is a random one we can easily show that the interference of the 
rays scattered by the electrons will give rise to a series of rings. 
There will be a separate ring for every different distance between 
pairs of electrons in the atom. Thus if there were only two 
electrons there would only be one ring whose radius is propor- 
tional to the distance between the two electrons; again in an 
equilateral triangle there would only be one ring, for the distance 
between any two electrons is equal to a side of the triangle. If 
four electrons were at the corners of a regular tetrahedron there 
would again be only one ring for the distance between any two 
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electrons is equal to a side of the tetrahedron. If, however, the 
four electrons were at the corners of a square there would be two 
rings, the radius of one being proportional to’a side of the square, 
that of the other to its diagonal. Arrangement at the corners of a 
regular octahedron would also give two rings, the radius of one 
being proportional to the side of the octahedron, the other to the 
distance between two opposite corners. A cubical arrangement 
of electrons would, however, give three rings, the radius of one 
proportional to a side of the cube, that of the second to a diagonal 
of a-face and that of the third to the diagonal of the cube. 
Evidence of this kind is not, however, available at present. 

As we shall see later on, the coefficient of diamagnetism gives 
on Langevin’s theory of diamagnetism, the moment of inertia of 
the electrons about a line through the centre of the atom, this can 
be made to yield a certain amount of information about the dis- 
position of the electrons, especially if we know from other sources 
the distance of the outer layer of electrons from the centre of 
the atom. 

EVIDENCE AFFORDED BY POSITIVE RAYS 


More definite information can be got from evidence afforded 
by the positive rays. Let us first take the case of positively charged 
atoms. Their positive charge is due to their having lost electrons 
from the outer layer, now on this theory there is only one electron 
in the outer layer of the atom of hydrogen and in those of the 
alkali metals, so that these atoms should not be able to lose more 
than one electron and therefore should be unable to gain more 
than one unit of positive charge. 

It is remarkable that these are the only atoms which in the 
positive ray spectra have not been observed with more than one 
positive charge. On the other hand, other light atoms have more 
than one electron and thus gain double or treble positive charges. 

All such atoms when detected in the positive ray spectrum 
have been observed with double positive charges and in some 
cases such as carbon, nitrogen, oxygen with three or four, while 
as many as seven positive charges have been found in the atom 
of mercury. 

Further confirmation of the views we have been discussing 
about the relation between the number of electrons and the 
property of the atom is afforded by the study of the occurrence 
of negatively electrified atoms in a gas through which an electric 
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discharge is passing. By the method of the positive rays we are 
able to detect negatively as well as positively electrified atoms, and 
we find in this way that some atoms readily acquire a negative 
charge while others never do so. On the view we are considering, 
eight is the maximum number of electrons which can exist in the 
outer layer; as the atom of neon already possesses this number 
it cannot accommodate another electron and so cannot receive a 
negative charge. On the other hand the atom with a smaller 
number of electrons in the outer layer has, as a reference to 
Table II shows, a superfluity of stability and can therefore 
accommodate another electron and thus acquire a negative charge. 
The superfluidity of stability is not, however, great enough for 
them to accommodate two electrons so that we should not expect 
to find any atoms with a double negative charge. 

In the experiments with positive rays the atom of neon which 
has eight electrons in the outer layer has never been observed with 
a negative charge, while negative charges are common on atoms 
of hydrogen, chlorine, carbon and oxygen. No atoms have been 
observed carrying two negative charges. 

It is remarkable that though carbon and oxygen, the neigh- 
bours on either side of nitrogen, readily acquire negative charges, 
nitrogen itself is very rarely observed with a negative charge. It 
was thought for a long time that the nitrogen atom never carried 
a negative charge, recently, however, I have observed in more 
intense discharges a faint line on the positive ray photograph 
corresponding to the negatively charged nitrogen atom, it is, how- 
ever, very feeble in comparison with the adjacent lines due to 
negatively charged carbon and oxygen, respectively. A calcula- 
tion of the work required to remove the additional electron from 
a negatively charged nitrogen atom shows that it is very small in 
comparison with that required to remove the additional electrons 
from negatively charged atoms of carbon or oxygen, so that a 
negatively charged nitrogen atom would easily lose its charge and 
so be difficult to detect. 

Again the only negatively electrified atoms we can observe 
by the positive ray method are those which have previously been 
positively charged, i.c., those which at one time have lost an elec- 
tron. . If such atoms, when they regain electrons, are in the 
condition we have ascribed to “active nitrogen”’ the electrons 
they regain will be far out from the centre of the atom and so 
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will be very easily detached. Thus very few of these atoms 
could be expected to retain the electrons necessary to give them 
a negative charge. oly 

There are some other interesting results which follow at once 
from the view we have taken of the constitution of the atom. 
The first we shall consider is the change in the chemical proper- 
ties produced by electrifying the atom. Let us take the oxygen 
atom as an example, it has six electrons in the outer layer, and we 
may anticipate the results to be given in the next chapter by saying 
that its valency is determined by the number of electrons in this 
layer. When the oxygen atom is positively electrified it has lost 
one or more electrons. If it is electrified so that it carries one unit 
of positive charge, the unit of charge being that carried by an 
electron, it must have lost one electron, so that the atom will only 
have five electrons in the outer layer, the same number as there 
are in a neutral atom of nitrogen. Thus, if the valency depends 
on the number of electrons in the outer layer, the valency of 
oxygen carrying a unit charge of electricity ought to be the same 
as that of a neutral atom of nitrogen, t.c., it ought to form the 
the compound OH,, a compound having the molecular weight 
19. This is confirmed by observation with the positive rays, 
when hydrogen and oxygen are present in the tube, a line corre- 
sponding to this molecular weight is frequently observed. Again, 
if the oxygen atom carries a double positive charge, and observa- 
tions on the positive rays show that oxygen atoms with this 
charge are frequent when the electric discharge passes through 
gases, the atom must have lost two electrons and will be left with 
only four in the outer layer, the same number as in the outer 
layer of a neutral atom of carbon; hence the doubly charged 
oxygen atom ought to have the same valency as neutral carbon, 
and thus form the compound (OH,)+ +. This compound would 
carry a double charge and the ratio of m/e would be 10. I have 
found ' in the positive ray spectrum, lines having this value of 
e/m when both oxygen and hydrogen were in the discharge tube. 

Again the atoms of the inert gases which have eight electrons 
in the outer layer, would, if they acquired one unit of positive 
charge, have lost an electron and would only contain seven elec- 
trons in the outer layer. This is the number in the outer layer 
of a neutral halogen atom. The positively electrified atoms of 
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the inert gases could thus like the neutral atoms of the halogens 
combine with one atom of hydrogen and thus the compound NeH 
would be possible if it carried a unit charge of positive electricity. 

The molecular weight of this would be 21 and a line corre- 
sponding to a carrier with this molecular weight has been observed 
by Aston. The neon atom can, as observations on the positive rays 
show, lose two electrons, in this state it could combine with two 
atoms of hydrogen, or one of oxygen, the first of these molecules 
would have the value m/e=11, and the second m/e=18; the 
first could not be distinguished from the isotope of neon atomic 
weight 22 with a double charge, and the line due to the second 
would be identical with that due to water, so that the positive rays 
could not afford convincing evidence of the existence of these 
compounds. If we turn to negatively electrified atoms, a nega- 
tive electrified chlorine atom would have eight electrons in the 
outer layer, it would resemble the neutral atom of an inert gas 
and so would not be able to enter into chemical combination. It 
would seem as if it ought not to be very difficult to determine this 
point by direct experiment. 

The negatively electrified chlorine atom has the same number 
of electrons as a neutral atom of argon, both having eight in the 
outer layer. It might therefore be expected to resemble argon not 
merely in its chemical properties, but also in the nature of its 
spectrum. The spectra would not be identical, for the positive 
charge binding the electrons together would be greater for argon 
than for chlorine. The similarity in the arrangement of the 
electrons might be expected to lead to similarities in the spectra 
of negatively electrified chlorine atoms and neutral argon atoms. 
Again, a positively electrified potassium atom has lost an electron 
and so would contain the same number of electrons as a negatively 
electrified chlorine atom or a neutral argon one. Thus we should 
expect the spectrum of positively electrified potassium atoms to 
show similarities both with that of negatively electrified chlorine 
atoms and with neutral argon atoms. Professor Zeeman and Mr. 
Dik? have compared the red spectrum of argon, which is the one 
due to the neutral atom, with the spectrum due to positively 
electrified potassium atoms and have found some exceedingly 
interesting points of resemblance. It is easier to observe the 
spectra due to positively electrified atoms than those due to nega- 


Proc. Amsterdam Akademie, 25, pt. 3 and 4. 
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tively electrified ones, for in the latter case we should have to 
observe the spectrum they give out on receiving the negative 
charge, any attempt to stimulate them to luminescence afterwards 
would probably result in their destruction. 

Similarly positively electrified oxygen atoms might be ex- 
pected to give spectra resembling those of neutral nitrogen atoms 
and positively electrified nitrogen atoms show similarities with 
neutral carbon atoms. 


THE SIZE OF ATOMS. 
By the radius of an atom we mean the distance of the electron 
in the outer layer from the centre of the atom. Let E be the 
central positive charge and 
Ee aC 


r rs 


(4) 


the attraction between this charge and an electron at a distance r, 
e is the charge on the electron and eC = cE where c is the quantity 
introduced in the expression for the same force (formula (1) ), ¢ 
is the distance at which the force between the positive charge and 
the electron changes from attraction to repulsion. 
Then for the equilibrium of an electron on the outer layer 
we have 
Ke Ce Sn 


9 
; > 
if i 4r’ 


(5) 
where Sn= ==, 26 being the angle subtended at the centre 
of the atom by a pair of electrons and Bes means that the sum 
of the values of 1/sin @ for each pair of electrons is to be taken. 
We get from this equation 

welts 

En (6) 

e 4 


, = 


The values of r for the lighter elements are given in the 
third column of Table IV. The fourth column is the value 
of r on the assumption that C is a linear function of the atomic 
weight, given by the equation C=aN + b, where N is the atomic 
weight and a and b constants. 

Thus, taking the elements from lithium to neon, we see that 
the radius of the outer layer is greatest for the light-elements and 
diminishes rapidly at first and then very slowly to the end of the 
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period. When we pass from neon, the last element in this period, 
to sodium, the first in the next, there is a large increase in the 
radius. The sodium atom will have a larger radius than the 


TABLE LV. 

Element. N E/e Se iB Yr 
Hydrogen ..... I I o) Cy a+b 
Teitlaatimieee. «ie 7 I 0 Chi 7a+b 
Beryalitiaaee se 9 2 I 4CRe/7 5.14a + .57b 
BORO nurs reese & II 2 DR 4CR,/9-7 4.520 + .412b 
(Carmxom noeheae 12 4 3.66 4CQ/12.3 3.88a + .322b 
Nitrogen ...... 14 5 5.2 4Cy/14.8 3.78a + .270b 
Oxyreninnan = 16 6 6.68 4Cg /17-3 3.694 + .23b 
Fluorine ...... 19 a 8.08 4Cp /19.9 3.84 + .210 
INGO wa nceews es 20 8 10.1 4Cy,/21.9 3.63a + .182b 
Sorsiieban 56 o dea BR I fe) CNa | 23a+ 6 


lithium one, the ratio of the two will depend on the ratio of a to 
b, if a were zero the radii would be equal. 

The increase in the radius which occurs at sodium is followed 
by a continually diminishing radius until we reach argon; when 
we pass to potassium, the first element in the next period, there 
is again an increase. The radii of atoms in the same group like 
lithium, sodium, potassium, or fluorine, chlorine, bromine and 
iodine increase with the atomic weight of the element. 

The relation between the radius of the atom and the atomic 
weight is such that the minima radii occur at the ends of the 
periods and not, as in Lothar Meyer’s well-known graph, which 
has been reproduced in almost every text-book of chemistry, 
at the middle. Recent experiments have shown, however, that 
this graph does not accurately represent the relation. Gervaise 
le Bas,® says, 

1. “ There is a periodic relation between the atomic volume 
and the atomic weight of the elements.” 

2. There is a tendency for the atomic volume to diminish in 
each series as the atoms increase in weight, the smallest occurs in 
group 7. 

3. There is a general increase in the atomic volumes of each 
group from series one onwards, that is in the direction of increas- 
ing atomic weight. 


*“ Molecular Volumes of Liquid Chemical Compounds,” p. 237. 
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This is in entire agreement with the results we have just 
found. The same thing is beautifully shown by the experiments 
of W. L. Bragg? which give a curve (Fig..1) for the atomic 
radii which in the’period from lithium to neon agrees numerically 
very well with those deduced from the table (IV) given above, 
especially 1f b is small compared with a. The formula we have 
given would, unless a were very small compared with b, make the 
increase in atomic volume from lithium to sodium too great. 
According to Bragg the radius of the sodium atom is only about 
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1.2 times that of the lithium one. While if the formula could 
be stretched from one period to another the increase would 
be much greater unless a were very small compared with b. We 
shall see later on that the law of the inverse cube only holds within 
a limited range of y and that beyond a certain distance the force 
seems to vary as the simple law of the inverse square. An effect 
of this kind would prevent any large increase in the radius of the 
atom as we passed from one period to another, and we should 
expect to find, as is the case, that the agreement between theory 
and experiment is most marked for the lighter and smaller atom. 


IONISING POTENTIAL. 


Another quantity which has been the subject of a great many 
experiments is what is known as the ionising potential. This is 
the work required to detach an electron from the atom, expressed 
as the fall of the charge on an electron through this potential. We 
may remark that the work required to detach the electron must 


“Phil. Mag., 40, p. 169, 1920. 
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depend upon the way in which it is done, so that the ionising poten- 
tial is not a perfectly definite quantity. Thus to take two extreme 
cases, we may suppose the electron removed so suddenly that the 
other electrons have no time to change their position before it is 
out of their range of action, or to take the other extreme we may 
remove it so slowly that the electrons are always in their position 
of equilibrium corresponding to the position of the electron which 
is being ejected. In the first case the work required to move the 


aA Pie meOe 
electron away from the central positive charge is a mn and 


the work done by the other electrons in ejecting it is e?/r,. + 
C7] 145 + 67/744. - . Where 745, 743, 74 are the distances of the 
ejected electron from the other electrons indicated by the suffixes 
2, 3,4. NOW 15 = 27 sin 0;, where 20,, is the angle between the 
radii from the centre to the first and second electrons, and 7 is 
the distance of an electron from the centre, hence 


2 2 2 
e (Sa & I I I 
112 Si T13 + PYG (= Pro sin O13 sin Dig 


Pots Bai Sn (8) 


but from the equation of equilibrium 


2 eS 
Hew OO) e n. © 
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hence if V is the ionising potential, Ve, since it is equal to the 
work required to remove the electron, is given by the equation 


Ve = — ’ (10) 


if m is the number of electrons E = ne and 


2 
v=£(n- 35): (11) 
4 


Zi 


Next take the case when the electron is removed so slowly that 
the system of electrons is always in equilibrium. The work re- 
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quired is the difference between the potential energy of the atom 
in its original state when it contains m electrons and in its final 
state when it contains (n—1) electrons. The value of the former is 


L Ae ( = on (12) 


I 
2 4 


that of the latter 


Z (n— 1)e (» a Snct ) (13) 


where 7, is the radius of the atom when one electron has been 
removed. 
For the equilibrium of the electrons in this state we have 


2 
Fe @C — Sy4 


fie Taye “ane (14) 
from the equilibrium of the atom in its original state we have 
Ee eC pa eS, 
D par (15) 
hence 
Sos 
I ies ea An 
n+ Sn (16) 
ee 


oe 
Fo(-3)-0 Sve y| (17) 
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if V, is the ionising potential for slow ionisation. In calculating 
these ionising potentials we have assumed that the law of force 
between the positive charge and the electron was expressed by 


E 2 : F : 
a — & at all distances, there is evidence, however, that the 


repulsive term varying inversely as the cube of the distance has 
only a limited range of action and that beyond this range the force 
varies strictly as the inverse square of the distance. If we sup- 
pose that the range of the repulsive force is pCe/E, then the work 
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done in taking an electron from a distance r to an infinite distance 
will be 


I 
pa FF Vac ae) 


In calculating the ionising potential, we have neglected the last 
term and so have underestimated its value. Neglecting this cor- 
rection, the ionising potentials for the elements whose outer layers 
contain I, 2, 3, 4, 5, 6, 7, 8 electrons, respectively, are given in 
the following table. 7, is the radius of the outer layer of the one 
electron atom, 7, that of the two electron atom and so on. The 
third column gives the potential in volts when the values of 7, 


(re eivenuby VW. I Brags (loc. cit.) are substituted. in 
column 2. 
TABLE V. 
J 
Number of Electrons Ionising Potential for 
in Outer Layer. Quick Ionisation. 

I Ye /r 4.8 Lithium 
2 625 e°/1re 8.1 Beryllium 
3 .633 e”/rs 
4 63 e/rs 11.8 Carbon 
5 54 e'/1s 12 Nitrogen 
6 52 e'/1rs 12 Oxygen 
7 5 e/4, 10.5 Fluorine 
8 


These values apply to the ionisation of the atom and not of the 
molecule. In experiments on the ionising potential it is the value 
for the molecule and not for the atom which is in gen- 
eral determined. 


SPECIFIC INDUCTIVE CAPACITY. 


Further information about the atom is afforded by the study 
of the specific inductive capacity of the gas. We shall proceed 
to find the value of the specific inductive capacity of atoms 
containing different numbers of electrons. 

The case of the one electron atom is exceptional because such 
an atom in its undisturbed state has a finite electrical moment, it 
will therefore tend to set in an electric field and this will give rise 
to a term in the specific inductive capacity independent of the 
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displacement of the electrons inside the atom, by the electric field; 
this term will vary rapidly with the temperature.? In addi- 
tion to this effect due to the setting of the atoms there will 
be an effect due to the displacement of the electrons 
relative to the central core under the action of the electric 
field; this effect will be present in atoms containing more than 
one electron. The effect due to setting is absent when the normal 
atom has no finite electrical moment. 


TWO ELECTRON ATOM. 

If a is the distance of either of the electrons from the centre 
of the normal atom, X the external electric force, then if this force 
is in the direction of the line joining the electrons, the displace- 
ment 61 of either of the electrons in the direction of the force 
is given by the equation 


4 ar. 
eox= — atx 19) 
5 (19 

This displacement of the electron relative to the positive tharge 
endows the atom with an electric moment 2cs41, and if N is the 
number of atoms per cubic centimetre, the electric moment per 


cubic centimetre is 


N cs aeX (20) 
5 


hence if A, is the specific inductive capacity of these atoms 
kK — te Ar N 2 a (21) 
r) 


If the electric force acts at right angles to the line joining 
the electrons, then 
COKE — wl Xe (22) 
and Ky, the specific inductive capacity for atoms orientated this 
way, is given by the equation 
K,»—1=47N X 8a? (23) 
If the atoms in the gas are uniformly orientated, the specific induc- 
tive capacity K of the assemblage will be given by the equation 


Kees K, + 2K. 
3 
or K —1 =47rNa@ X : at (24) 
5 
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The value of the specific inductive capacities for gases whose 
atoms contain from two to eight electrons is given in Table VI, 
which has been calculated by Miss Woodward. 

It will be noticed that if K is the specific inductive capacity of 
a gas in the atomic condition, K — 1 is equal to ga*, where a is the 


Taste VI. 
Specific Inductive Capacity of Atoms with Two to Eight Electrons. 


No. of Arrangement. 1S Mean value of K. 
Electrons 
Cube I + 4n7QN. 4/338 I + 47°, 4'338 
Twisted cube force per- 
pendicular to sq. face 1 + 4nr2QN. 4/27 


7 One layer, force perpen- 
dicular to plane of 


pentagon I + 4rNa’. 3/605 I + 4ra3N. 4'29 

7 One layer, force parallel 
to plane of pentagon 1 + 47Na’. 4/634 

6 One layer 1 + 477, 4'269 1 + 4rr3N. 4/269 
5 One layer, force perpen- 

dicular to plane of 

triangle 1 + 4ra3N. 4'655 1 + 4ra'N. 4/236 
5 One layer, force parallel 

to plane of triangle 1 + 47a3QN, 4’027 
4 Tetr hedron 1+ 47rNr*. 3’9 1 + 47Nr*. 3’9 


3 Triangle, force perpen- 
dicular to plane of 


triangle t + 47rNr?. 5/203 1 + 4rNr*. 4/39 
a Triangle, force parallel 

to plane of triangle 1 + 477’. 3/981 
2 Force perpendicular to 

line of electrons 1+ 47rNr’. 8 1 + 427°. 5/87 
2 Force parallel to line of 

electrons 1 +47rN7r. 1'6 


distance of the outer electrons from the centre of the atom, g 1s a 
quantity primarily depending on the number of electrons in the 
outer layer. For elements belonging to the same family the number 
of electrons in the outer layer and therefore g is constant, so that 
the ratio of specific inductive capacities of two members of one 
family should be the same as the ratio of the volumes of the 
atoms. Cuthbertson has pointed out that there are some remark- 
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ably simple relations between the refractivities and therefore 
between the values of K-—1, for consecutive. elements in the 
same family. This is shown by Table VII given by Cuthbert- 
son and Prideaux.® 

Thus for these four families the ratio of the refractivity of 
an element in the first period to the corresponding element in the 
second and third periods is the same for all the elements. We have 
seen that for members of the same family the ratio of the values 


Taste VII 
Element. Refractivities. Approximate Ratio. 
Telus ee ae eee 72.0 yy 
INiGOIT w Ses eeten ee oer ce a ee 137.4 I 
AF SOOM gine cure ee rie eters eee ban tne 568. 4 
Key ptOnk Mrs ee are ae eter ere 850. 6 
XENON atin ete EAE Oo ee 1378. 10 
IGOrINe Dee Mace aoe 195 I 
Ghloriner Ss iteracke ccc at eres 768 4 
IBEOMINE DSpace ears neers Aeon teen 1125 6 
To clise seswrerersic: ce ereeiaew eee mie tee 1920 8 
INGGB aeyoxs ok le amnion eiewed BO ea oenICen ce 207 I 
Phosphorus? s..2ascunisi asses 1197 4 
CYP Chime ct tcautartete aN ern ere 270 I 
SulphuGe areca pace eerie IIOI 4 


of K — 1 is equal to the ratio of the volumes of the elements. So 
from these experiments we arrive at the interesting deduction that, 
on passing from one period to the next, the volumes of all the 
atoms are increased in the same proportion. 

Some confirmation of this is furnished by the determinations 
by W. L. Bragg’ of the diameters of the atom of the various 
elements, these were made by measuring by the Rontgen-ray 
method the distance between the metal and the negative element 
in a series of salts. In these the atoms of the negative elements 
are probably negatively charged and are not in the state of neutral 
atoms. For the electronegative elements the diameters are 
as follows: 


° Phil. ‘Trans., IN 205, p. 319. 
‘Phil. Mag., 40, p. 169. 
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F =1.35A ° 

° O =1.30A 9 
2 TOA ° = 
3 ee S =205A & cote 
iP SSIS) ek Si =2.35 A 
2: Sua : 


For the ratio of the diameters, we have 


Cl/ea155 Br/F = 1.76 I/F =2.07 
S/O =1:57 Se/O=1.8 
Si/C— 153 


For these elements, which are all electronegative ones, there 
seems thus some evidence from direct measurements that the ratio 
of the diameters of the atoms of corresponding elements in two 
periods is constant. It does not, however, apply to the electro- 
‘positive elements like the alkali metals. Thus, for example, 

Na/Li =1.185 K/Li =1.38 Rb/Li = 1.5 

Meg/Be = 1.24 Ca/Be=1.5 Sr/Be =1.7 Ba/Be=1.8 


Thus the increase in the size of the atoms of corresponding metals 
in different periods is not nearly so large as in that of the atoms 
of corresponding electronegative elements. 


CHAPTER II. 
THE COMBINATION OF ATOMS TO FORM MOLECULES, 


WE shall begin by considering molecules in the gaseous state, 
where each molecule is separated so far from its neighbours that 
it may be regarded as an individual and not as merely forming 
a brick in a much larger structure. Indeed, the term molecule 
when applied to the solid state is quite ambiguous without fur- 
ther definition; for example, from many points of view we can 
consider quite legitimately the whole of a large crystal as forming 
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a single molecule. It is natural to expect that when the atoms 
are crowded together as in a solid, where each atom may come 
under the influence of a large number of neighbours, the arrange- 
ment of the electrons relatively to the atom my differ SHlisene 
tially from that in a gaseous molecule. 

Let us begin with the simplest case, that of the union of two 
similar atoms each containing one electron. We see that if the 
atoms and electrons are arranged as in Fig. 2, where A and B 
are the atoms and a and B the electrons, the mutual repulsion of the 
electrons may be balanced by the attraction of the positive charges 
on the electrons; and the mutual repulsions of the similarly electri- 
fied atoms by.the attractions of the electrons. Thus we may 
regard the electrons in the atom as acting like hooks by which 
one atom gets coupled up with another. As the atoms are held 
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together by the attraction of the pair of electrons a, 6, the pres- 
ence of two electrons between the atoms may be taken as the 
physical interpretation of what is called a bond by chemists. In 
this example and in general, two electrons go to each bond. 
There are, however, cases such as that of a positively electrified 
molecule of hydrogen (so frequently detected in positive-ray 
photographs) where a single electron is able to bind two atoms 
together. The arrangement being that represented in Fig. 3. 
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The dimensions and shape of the parallelogram represented 
in Fig. 2 will depend on the law of force between two positive 
charges at atomic distances as well as upon that between a positive 


charge and an electron. If & o(<) is the attraction between a 


positive charge e and an electron with equal charge separated by 
a distance r and e? » (5) the repulsion between two positive charges 
at a distance 7, then if Aa=r and <AaB=59, we have 
for equilibrium 


Cc e 
2e¢ ( — ) ccs 0 = —— 
r 47”? cos? 3 (25) 
Cc . @ 
2e0 <) sin ¥ = ey) (sicv) 
r 2rsin U 


Though the distance of an electron from its atom will 
obviously be not quite the same in the molecule as in the atom, 
we should expect that the differences would not be very large. 
For if they were, work would have to be done at some stage in 
the act of combination comparable with that required to ionise 
an atom, as this work is much greater than the equivalent of the 
heat developed by the union of the atoms to form a molecule we 
could not expect atoms under these conditions to combine to form 
molecules except in the presence of a very efficient catalyst. 

Let us now pass to the case where each of the atoms contains 
two electrons. If only one pair of electrons is used up in uniting 
the atoms, the arrangement would be that represented in Tig. 4, 
where the Greek letters represent the electron. In the language of 
chemists this would be expressed by saying that the atoms were 
united by a single bond and the molecule would be expressed by 
the formula —4 — B—. The electrons a’ and 8’ would enable this 
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molecule to link up with other molecules so that it would not be 
saturated. If, however, all four electrons are-used in coupling up 
the atom, they will be at the corners of a square in a plane bisecting 
AB at right angles. 

The system of four electrons instead of two between the posi- 
tively electrified atoms may be regarded as the physical equivalent 
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of what the chemists call a double bond. Inasmuch as the equi- 
librium of four electrons in one plane, when their displacements 
are not confined to that plane, requires very strong restoring forces 
to make it stable, we should not expect the double bond to be 
permanent when the positive charges which exert the restoring 


FIG. 5. 
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force are as small as in this case, where their sum is only equal to 
the sum of the charges on the four electrons. 

For the union of two tri-electron atoms, if all the electrons 
were used to couple up the atoms, there would be a hexagonal ring 
of electrons in a plane bisecting AB at right angles, as this ring 
requires a greater positive charge than that of three units on each 
side to keep it in stable equilibrium it would be unstable. The 
most probable arrangement of the electrons is the octahedral one 
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shown in Fig. 5 with four electrons between the atoms and 
two on the line AB; this would be represented symbolically by 
the formula —4 = B-. The end electrons would enable it to bind 
other atoms so that the molecule would not be saturated. 


FOUR-ELECTRON ATOMS. 


These may form a molecule in which the electrons are as 
represented in Fig. 6, four electrons are between AB and the 
other four form two pairs beyond the extremities of the line AB. 

A peculiarity of the arrangement in Fig. 6 is that the mole- 
cule has four free electrons the same as the original atom, thus 
other atoms can be coupled up with the molecule, and we might 
have a chain of atoms, each atom being at the centre of a 
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parallelipiped of eight electrons. We can show that a long 
chain of such atoms would be unstable, but it is evident that 
the four-electron atom is one peculiarly suited for forming 
complexes containing several atoms. The carbon atom has four 
electrons in its outer layer and thus carbon atoms would have 
a great tendency to unite with each other. It is this tendency 
that is responsible for the science of Organic Chemistry. I may 
point out in passing that we can obtain from the study of positive 
rays direct evidence of the coalescence of carbon atoms. For on 
a positive-ray photograph of benzene I found lines corresponding 
fonG7 eC. G4, owhere ©; represents a carbon:atom;C.,-a 
carbon molecule; C,, a carbon triplet, and so on. 

The form we have suggested for the electrons in the molecule 
of atoms of this type is represented symbolically by the formula 
=A=B-=. When we come to the case of five-electron atoms 
we have to introduce new considerations. We have seen that eight 
is the maximum number of electrons which can be in stable 
equilibrium in a single layer under the action of positive charges 


whose aggregate cannot exceed the total charges carried by the 
electrons. With a five-electron atom we have ten electrons in the 
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molecule, while the aggregate positive charge, in the molecule, is 
also ten, which is not sufficient to keep the ten electrons in stable 
equilibrium if spread over a single layer. A simple way of 
arranging the electrons is shown in Fig. 7. Midway between 
the positive charges are six electrons which keep the atoms 
together, four of them at the corners of a square forming the 
normal double bond, while two others are inside the square. 

The remaining four electrons are arranged in pairs beyond the 
atoms A, B, respectively. Thus we have eight electrons surround- 
ing two atoms and two electrons. The arrangement is somewhat 
like that suggested for the carbon molecule with the addition of 
two electrons near the centre of the molecule. 

When each of the atoms contains six electrons the arrangement 
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a: 
is as follows: There are four electrons forming the normal 
double bond between the atoms, and two other sets of four, one 
set beyond A, the other beyond B. Thus each of the two atoms 
may be regarded as being inside an octet of electrons, the two 
octets having four electrons in common. When each of the 
atoms contains seven electrons, we have fourteen electrons at our 
disposal. These may be arranged so that two of them form a 
single bond between the atoms while the remainder complete two 
octets with two electrons common to both, as is represented in 
Fig. 8. This, though a very symmetrical arrangement, is not the 
only conceivable one. For when the positive charges are large, 
as they are in this case, they might hold four or even more elec- 
trons in stable equilibrium, even though the electrons were very 
close together. Thus suppose there were a double instead of a 
single bond between the atoms, this would account for four 
electrons, leaving ten to be distributed outside. Jf these were 
distributed symmetrically, there would be five around each atom, 
so that each atom would be the centre of a layer containing nine 
electrons, four coming from the double bond and five from those 
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left over after the double bond has been provided for. Now nine 
electrons could not be in equilibrium if equally distributed under a 
central charge of seven, but if four of them are held close 
together in stable equilibrium under two positive charges, it is 
possible that there may be room for the other five to be so far 
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apart that they can be kept in stable equilibrium by a positive 
charge of seven units. 

It will be noticed that the molecules formed by the union of 
two atoms, each of which contains less than five electrons, have 
free electrons which are available for linking up with other mole- 
cules. The one-electron atoms could form chains as in Fig. 9. 
Thus the process of aggregation is not exhausted by the formation 
of the molecule; these molecules will form further aggregations 
and thus tend to get into the solid or liquid state. On the other 
hand, the molecules formed by atoms with five or more electrons 


form saturated systems and will not tend to aggregate further. 
This agrees with the properties of the elements; for Li, Be, Bo, 
and C, whose atoms contain less than five electrons, are solids, 
while N, O, F and Ne, whose atoms contain five or more electrons, 
are gases. 

From the consideration of the arrangements of the electrons 
in the different molecules, we see that for atoms containing four 
and five electrons we can regard the electrons in the molecule 
as distributed over a single layer not very far from spherical, 
when, however, we reach the six-electron atom the electrons in 


$ 
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the molecule form two cells, and a surface which would contain 
them all would have to be very elongated. We get some confirma- 
tion of this result from the study of the scattering of polarised 
light by gases. The theory of such scattering shows that the light 
scattered by a single electron in a direction at right angles to the 
incident beam is completely polarised and can be extinguished by 
a Nicol prism. The same thing is true when the light is scattered 
by a perfectly symmetrical body such as a sphere. If the scatter- 
ing body is not perfectly symmetrical, if, for example, it is ellipti- 
cal instead of spherical, the scattered light is never completely 
polarised and therefore cannot be entirely quenched by a Nicol. 
The ratio of the minimum to the maximum intensity of the light 
seen through a Nicol would be zero for a spherical body, but 
would be finite for an ellipsoid and would increase with the ellip- 
ticity. The value of this ratio may be taken as an indication 
of the deviation of the scattering body from sphericity. The 
scattering of light by molecules is due to the electrons in the 
molecules; we should expect that an arrangement of electrons in 
one shell would approach more closely to the spherical arrange- 
ment than an arrangement in two cells, and that two cells would 
approximate to the spherical more closely than three. Thus the 
ratio of the minimum to the maximum intensity of the scattered 
light should increase with the number of cells. Lord Rayleigh § 
has determined the value of this ratio for several gases with the 
results given in the following table: 


Gas. eros 
APRON ci icrccstcigcicon serne ae cies 46 
Efv.drog ent eccterscesstneia tember 3.83 
Nitrogen Gsen- nee eae 4.06 
Oy ageccite ined ees create Ae GO 0.4 
Cardoyomn IDWS conncoceesodc 1/7 
Nitrous™ @xcidesampemaa a ccre 15.4 


We see how small this ratio is for the symmetrical distribution 
of electrons round the argon atom. A striking feature of the 
table is the great jump between nitrogen and oxygen. We have 
seen that the passage from nitrogen to oxygen corresponds to the 
transition from an arrangement of the electrons in one cell to 
one in two ceils, and thus involves a great loss in symmetry. The 
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electrons in carbon dioxide and nitrous oxide require three cells 
for their arrangement and thus are less symmetrical than those in 
the oxygen molecule. 


COMBINATION OF DIFFERENT ELEMENTS, CHEMICAL COMPOUNDS. 


We may apply considerations similar to those we used to 
explain the formation of molecules of an element by the union 
of two similar atoms to the union of two different atoms to form 
the molecule of a compound. 

Let us consider, for example, the union of a seven-electron 


FIG. 10. 
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atom with a one-electron atom. Suppose that A is the centre 
of the first atom, B that of the second. 

Let a be an electron in the first atom, @ one on the second. 
Then if B and B place themselves somewhat as in the figure, the 
attractions the two electrons exert on A, B may keep these together 
in spite of their mutual repulsions, while the electrons are kept in 
equilibrium by the attraction upon them of the atoms 4 and B. 
The addition of 6 to the seven electrons already round A will 
raise the number in the outer layer of A to eight. Now suppose 
we attempt to attach another atom B’ to A, this would introduce 
another electron into the outer layer round A, raising the number 
in this layer to nine. We have seen, however, that nine electrons 
in one layer cannot be kept in stable equilibrium by a positive 
charge of nine units; in this case nine units are all we have at our 
disposal and two of these are outside the layer. The outside ones 
will make the arrangement of electrons more stable than it would 
be in their absence. They will not, however, increase the stability 
more than they would if they were inside, and even in that case 
they could not make the arrangement stable. Thus 4 cannot hold 
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a second atom of the type B, so that the compound AB, is impos- 
sible and that represented by AB is saturated. Thus, if 5 with 
its one electron is taken as the type of a monovalent atom, like 
hydrogen, A with its seven electrons would also be monovalent, 
and would in this respect act like fluorine. The electrons in the 
molecule HF would form a layer round the centre of the fluorine 
atom with the positive part of the hydrogen atom outside. Let us 
now suppose that A is a six instead of a seven-electron atom and 
let an atom of B get attached to it in the way we have supposed. 
This will raise the number of electrons in the layer round A to 
seven, so another atom can be attached before the number of 
electrons in the outer layer is raised to eight and the limit of 
stability reached. Thus A could form the unsaturated compound 
AB and the saturated one, 4B,, but A could not combine with 
more than two atoms of B. Thus A with its six electrons would 
behave like the atom of a divalent element, say oxygen. 

In a similar way we see that if A contained five electrons it 
would form the unsaturated compounds AB and AB, and the 
saturated one AB,. Thus A would behave like a trivalent ele- 
ment, nitrogen. 

In this way we see that when A acts as the centre round which 
the layer of electrons is arranged, it behaves like an element whose 
valency is equal to (8—number of electrons in the outer layer 
of the atom 4). 

There is, however, another way in which the atoms might com- 
bine, in this A, instead of receiving electrons from other atoms, 
might give up electrons to help to form a layer round another 
atom. Take, for example, a two-electron atom B, by using one 
of its electrons it can attach itself to a seven-electron atom and 
still have one electron free. It can use this free electron to bind 
itself to another seven-electron atom and thus form the compound 
BF,, where F represents an atom of such an element as fluorine. 
Thus in this type of compound the atom with its two electrons 
would behave like a divalent element. A three-electron atom 
would be able to bind three atoms of fluorine and so on. In this 
type of compotnd the atom under consideration is acting, so to 
speak, as a giver and not as a receiver of electrons. The valency 
of the atom when acting in this way is equal to the number of its 
electrons. The electron theory thus, as I pointed out long ago,° 
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leads in a very natural manner to an explanation of valency and it 
suggests conclusions very similar to those advanced by Abegg 
and Bodlander,'® who ascribed to each element two valencies 
according as it was combined with a more electronegative or more 
electropositive element, the sum of the two valencies always being 
eight. We have in some of the elements notable instances 
of two valencies; take nitrogen as an example, whose atoms con- 
tain five electrons in the outer layer. If this combines with hydro- 
gen, three atoms of hydrogen will saturate it, as they will bring 
the number of electrons in the layer round the nitrogen up to 
eight, the limiting number, thus in the compound NH,, the nitro- 
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gen behaves as a trivalent element. But suppose that instead of 
combining with a hydrogen atom it combines with a chlorine one, 
which we assume to have seven electrons in the outer layer. One 
of the electrons from the nitrogen atom might join the layer round 
the chlorine one, bringing the number of electrons in the latter 
up to eight, and leaving four in the nitrogen atom. These four 
electrons can link up with four hydrogen atoms which will bring 
the number of electrons in the layer round the nitrogen atom 
up to eight, the limiting number. We thus get the compound 
NH,Cl. The arrangement of the electrons being as represented 
in Fig. rr. As the chlorine nucleus has a positive charge of 
seven and is surrounded by a layer containing eight electrons, 
the atom Cl in this compound has a unit negative charge. Since 
there is a positive charge of five on the nitrogen nucleus and one 
of four on the four hydrogen atoms, there are nine positive 
charges on the system NH,, which contains eight electrons; 
there is thus a balance of one positive charge on the system repre- 


© Zeit. Anorg. Chem., 20, p. 453 (1899): 30, p. 330 (1904). 
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sented by NHy,, so that NH,Cl would, when electrolysed, give 
NH, and Cl as ions. 

Again each of the five electrons of the. nitrogen atom might 
go off to complete the tale of eight electrons round each of five 
chlorine atoms forming the compound NCI,; though this sub- 
stance does not seem to have been prepared, the corresponding 
compound PCI, is well known. The oxygen atom containing six 
electrons might attach itself to six atoms of chlorine and so be 
apparently hexavalent, as sulphur is in the remarkable compound 
SF,, discovered by Moissan. 

Carbon having four electrons in the outer layer has the same 
valency 4=8-—4, whether it is acting in either of the above- 
mentioned ways, hence the compounds CH,, CCl,. The kind 
of union between atoms which we have been considering requires 
two electrons to effect the bond, hence since we cannot have more 
than eight electrons round a central atom, four is the maximum 
number of atoms which can be bound by a single atom. There 
are in fact very few exceptions to this rule, the most conspicuous 
are the chlorides of some of the elements which have very variable 
valencies, such as UrCl, WCl;, MoCl;, which will be con- 
sidered later. 

Thus the considerations we have been discussing give a physi- 
cal basis for the theory of valency in the extended form given 
by Abegg. The electron theory, however, is much more general 
than the laws of valency and points to the existence of compounds 
which are not in accordance with these laws. The electron theory 
states that any distribution of atoms and electrons in stable equi- 
librium is a possible compound and will be saturated provided 
that each electronegative atom is surrounded by a layer containing 
eight electrons. 

Let us consider, as an example, carbon monoxide, CO; this, 
according to valency laws, is an unsaturated compound, the gas 
is, however, remarkably inert and only liquefied with great diffi- 
culty, so that its physical properties give no support to the view 
that it is a highly unsaturated gas. In CO there are ten electrons 
to be arranged the same as in Ny, and we may therefore expect 
that a similar arrangement to that represented in Fig. 7 would 
furnish a stable and permanent molecule. As the positive charge 
on the carbon ‘is not the same as that on the oxygen, the cell will 
not be so symmetrical as that of the nitrogen molecule. It is inter- 
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esting to note that, as Langmuir has pointed out, some of the 
physical properties of CO are very similar to those of Ny. If 
this is the constitution of the molecule of CO, it explains why 
we do not get CH, as a saturated substance, as the ordinary 
valency theory would lead us to expect. There are only six avail- 
able electrons in CH, and these are insufficient to produce a com- 
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pletely saturated layer. It is important to point out that we 
distinguish between the molecule of carbon monoxide and that 
of the carbonyl radicle CO. In the latter we suppose that two out 
of the four electrons of the carbon atom have gone to unite it with 
the oxygen and to make up the eight electrons required to form 
the layer round the oxygen atom, while the other two are free 


- 
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to join up with other electrons. Thus while the molecule of CO 
is represented by Fig. 7, that of the carbonyl radicle is represented 
by* Figs 12. 

Another molecule which may have a somewhat similar con- 
stitution to that of CO is NO, Fig. 13. The molecule contains 
eleven electrons, if we take eight of these to form the outer layer 
we are left with three, these by taking up positions between the 
atoms of nitrogen and oxygen inside the outer layer may help to 
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keep these atoms together. The molecule of nitrogen monoxide is 
not the only form in which the combination NO occurs; it can also 
exist as the radicle NO, and just as we suppose the carbonyl 
radicle to have a different configuration from that of the molecule 
CO, so we suppose that the radicle NO has a configuration in 
which eight electrons form a cell round the oxygen, the nitrogen 
atom is surrounded by a layer of seven electrons made up of the 
three electrons left over after two have been supplied to the 
oxygen octet; the other four form part of the layer round the 
oxygen atom. The layer round the nitrogen requires another 
electron to saturate it and will thus act like a univalent atom. The 
three electrons left over from the five nitrogen electrons after 
two have been used to saturate the cell round the oxygen atom 
might be used to bind three hydrogen ions and thus it is possible 
that under certain circumstances this radicle might be trivalent. 

Nitrogen monoxide is an example of the rare type of molecule 
where the number of electrons in the molecule is odd. Other 
examples of this type are NO, and ClO,. If we suppose that 
for stable substances an octet of electrons 1s formed round each 
of the heavier atoms in the molecule, then if the number of elec- 
trons is odd, some of these octets must have an odd number of 
electrons, either one or three, in common. If we suppose the 
octets are cubes, they could not have three electrons in common, 
though they could have one, the two cubes having a corner in 
common. If, however, the electrons are arranged in twisted cubes 
instead of the ordinary cubes, two octets might have I, 2, 3 or 4 
electrons in common, since twisted cubes have triangular as well 
as square faces and thus we might have molecules containing an 
odd number of electrons with a less exiguous connection between 
the atoms than that furnished by a single corner common to two 
octets. The three-electron contact would account for the existence 
of a saturated compound with the formula ClO,. We have here 
nineteen electrons and these might be accommodated in three 
octets if there was one double contact and one triple one. 

Another problem in which the triple contact might come in, is 
the well-worn one of the benzene ring. In benzene C,H, we have 
thirty electrons which have to be arranged in octets round six 
carbon atoms.’ The simplest and most symmetrical way of doing 
this is to have the six cells in contact round a ring with a three- 
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fold contact between each two. As two opposite triangular faces 
of the twisted cube are inclined to each other, this could 
be done without introducing much strain into the system. 
Models have been made by two of my students on this principle 
of a benzene ring and also of a naphthalene one. With this 
arrangement we have complete symmetry, and it is analogous to 
the Armstrong and Bayer or central theory of the benzene ring. 
The configuration corresponding to Kekules’ conception of the 
constitution of the benzene ring would consist of three sets of 
pairs of cells, the cells in one pair having four-fold contact with 
each other, but only double contact with a cell in a neighbour- 
ing pair. 

The three-contact view leads to results with regard to the 
constitution of addition compounds of benzene and the halogens 
which are in harmony with experience. 

The process which we have just been describing by which two 
atoms A, B are united into a molecule AB, of a compound may 
be regarded as consisting in one or more of the electrons in the 
outer layer of A becoming a member of the outer layer of B. 
This is equivalent to one of the electrons in the outer layer of B 
becoming a member of the outer layer of A. Thus each atom 
lends electrons to the other to enable it to fill up its outer layer; 
the atoms share their electrons for this purpose and the electrons 
which they have in common tend to hold the two atoms together. 
I think it is desirable to emphasize this aspect of the question, 
to regard the union of the two electrons as a sharing of their elec- 
trons rather than as the robbery by one atom of the electron 
belonging to another. I doubt if there is any very large change 
produced in gaseous compounds by chemical combination in the 
distance of an electron from the centre of the atom to which it 
originally belonged. I do not mean that the distance remains 
unaltered, but only that there is no such change in distance as 
would warrant our saying that the electron was bound to B before 
combination and was free afterwards. To tear electrons from an 
atom requires a much larger amount of work than to separate a 
molecule into uncharged atoms, and though there may be a redis- 
tribution of the electric charges on the molecule, there is nothing 
which can fairly be described as ionisation. Thus to take a specific 
example we regard the constitution of a molecule of HI as 
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consisting of a unit positive charge H outside an outer layer of 
eight electrons surrounding the fluorine atom with its positive 
charge of seven units, and though we may legitimately describe 
the molecule as consisting of a positively charged hydrogen atom 
and a negatively charged fluorine one, it does not follow, if the 
molecule were dissociated by a rise in temperature, that the product 
of dissociation would be a positively charged hydrogen atom and a 
negatively charged fluorine one. It would take much less energy 
to detach the positive hydrogen atom plus an electron than the 
positively charged hydrogen atom alone, so that the probable result 
of the dissociation would be a neutral hydrogen atom and a neutral 
fluorine one. This would not necessarily be the case if the dis- 
sociation were effected by a high-speed positive ray with an energy 
corresponding to many thousand volts, for then the hydrogen atom 
could receive energy far more than sufficient to detach it from 
the negative electron. The result to which we have been led that 
dissociation would yield neutral atoms is in accordance with expe- 
rience, for we do not find that chemical changes in gases produced 
by a rise in temperature are accompanied by a rise in electrical con- 
ductivity unless the gases are in contact with hot metals, and in 
this case the increase in conductivity may be explained by ther- 
mionic effects. The absence of electrical conductivity in several 
cases of chemical action at moderate temperatures was investigated 
by Bloch,’? who showed that the dissociation of arseniuretted 
hydrogen which takes place at low temperatures 1s not accom- 
panied by any increase in the electrical conductivity. He also 
showed that many chemical actions which go on at low tem- 
peratures such as the oxidation of nitric oxide, the action of 
chlorine on arsenic, the oxidation of ether vapours, have little or 
no effect on the conductivity. 


POLAR MOLECULES. 


Though in the gaseous molecule we have not ionisation in the 
sense that the atoms of the molecules are free to move in opposite 
directions under the action of an external electric force, yet the 
disposition of the electric charges may be such that the molecules 
would tend to set in a definite direction under the action of such 
an electric force. The centre of the positive charges does not 
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always coincide with that of the negative ones, so the molecule 
may have a definite electric moment. It is only in some type of 
molecules that this electric moment has a finite value. Thus in 
the symmetrical molecule formed by the union of two atoms 
of the same kind the centres of the positive and negative electric 
charges coincide and the molecule has no electrical moment. 


FIG. 14. 


Whereas in a molecule like HCl, where the positive charge is 
outside the octet as in Fig. 14, the molecule has evidently a 
finite electric moment. 

In other compounds such as CO., of which the arrangement is 
that in Fig. 15, there is complete symmetry. Thus, as I pointed 
out some years ago,’? molecules may be divided into two types: 
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(a) Polar, those having a finite electric moment; (b>) Non-polar, 
those for which the electrical moment vanishes. 

These two types will have very different properties. If the 
molecule has a finite electrical moment, it will give rise to an 
electric field whose intensity will vary inversely as the cube of 
the distance, while if the electric moment vanishes the force due 
to the molecule will vary inversely as some higher power of the 
distance and will thus die away much more rapidly than the forces 
due to a polar molecule; the latter will have a more extensive stray 
field and will attract and be attracted by a much larger number of 
other molecules. 


2 Phil. Mag., 27, p. 757 (1914). 
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PHYSICAL TEST FOR POLAR MOLECULES. 


We shall first describe a test based on physical principles by 
which we can separate the polar from the non-polar molecule and 
then see whether the molecules so separated show marked differ- 
ence in their chemical properties. 

The physical method for determining whether the molecule 
has a finite moment or not is the determination of the specific 
inductive capacity of the-substances formed by the molecules, and 
if possible when the substance is in the gaseous state. The mole- 
cule with a finite moment will tend to set in a definite direction 
under the electric field, and this setting will contribute to the spe- 
cific inductive capacity of the gas, hence such molecules will tend to 
give an abnormally high value to the specific inductive capacity. 
Again, since this setting of the molecule involves the rotation of 
the molecule as a whole, these will move so sluggishly that they 
will not be affected by vibrations as rapid as those of light waves 
in the visible spectrum. 

Hence these molecules will not affect the refractive index in 
the visible spectrum while they will affect the specific inductive 
capacity. We should expect, therefore, that the substances formed 
by such molecules would depart widely from Maxwell’s law that 
the square of the refractive index is equal to the specific inductive 
capacity. Again, since the setting of the molecules under the 
electric field will be hampered by the collisions with other mole- 
cules and as these collisions are more numerous and vigorous at 
high temperatures than at low, the specific inductive capacities of 
these substances will be affected by temperature and will diminish 
as the temperature increases. Badeker’® has determined the 
specific inductive capacities of many gases at varying tempera- 
tures, and it appears from his results that some of these gases, 
such, for example, as H,O, NH;, HCl, CH,OH, exhibit all these 
characteristics, they have specific inductive capacities which are 
much greater than the square of the refractive index and which 
diminish as the temperature increases. 

Taking this as the criterion, we can find whether the molecules 
have or have not finite electrical moments and in the following 
tables, derived from measurements made by Badeker and other 
observers, of the specific inductive capacity of gases, various 
compounds are placed in one or other of two classes. 


% Zeit. fur Physik Chem., 36, p. 305. 
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ig 
Compounds which have a finite electrical moment. 
H.0 CH:OH 
NH; C.H;OH 
SO, CH:Cl 
HCl CHCl; (slight) 
Il. 
Compounds which have not a finite electrical moment. 
Hi, CO, 
O CS, 
N CCh 
He CoHe 
Cl CH, 
CO N.O 


This list shows that the physical test we have applied separates 
the substances into two types which have great differences in 
their chemical properties. In the first type we have substances 
like water and alcohol which are good ionisers of salts or acids 
dissolved in them. 

The substances in the first table are also those which, like 
water, ammonia, and alcohol, are conspicuous in forming com- 
plex compounds with other salts, such as the hydrates, alcoholates, 
ammoniates. Another property which differentiates the sub- 
stances in Table I from those in Table II is that of giving electrifi- 
cation by bubbling. When air or other gases bubble through 
some liquids, e.g., water, alcohol, acetone, the gas when it emerges 
is found to be ionised, 7.e., mixed with positive and negative ions. 
Little, if any, electrification is found when a gas bubbles through 
a liquid like paraffin oil or benzene. This is shown very clearly 
by the experiments of Bloch.’* Liquids of the first type show 
electrification by bubbling, those of the second do not. 

Molecules which contain the hydroxyl radicle OH, such as 
HO, CH,OH, C,H,OH, are usually polar ; other organic radicles, 
such as COOH, CO, CN, NOg, also make the molecules of which 
they form a part polar. As the attraction of polar molecules ex- 
tends over a much wider field than that of non-polar ones, we can 
understand why, though the hydrogen in saturated non-polar 
molecules such as CH,, C,H, is not oxydised by weak solutions 


4 Ann. de Chimie et de Physique, 23, p. 28 (1911). 
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of sulphuric acid or bichromate of potash; the hydrogen in polar 
molecules such as CH,OH, CH,O (formaldehyde), CHOOH, is 
oxydised under the same conditions. 

The fact that the polar molecule must be unsymmetrical gives 
us some information about the configuration of the electrons. 
One of the most interesting cases is that of water, which is con- 
spicuous above all molecules for the possession of an electrical 
moment. Our first impression is that the structure of the water 
molecule should be that represented by Fig. 16, where the two 
hydrogen atoms are symmetrically placed with respect to the 
centre of the oxygen atom and the electrons are symmetrically dis- 
tributed round the line joining the hydrogen atoms. This, how- 
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ever, cannot be right, for it would correspond to a molecule having 
no electrical moment. If the octet of electrons round the oxygen 
atom were situated at the corners of a cube, then there could be 
no question that a symmetrical arrangement of the hydrogen 
atoms with these atoms, respectively, attached to two electrons 
at the opposite ends of a diameter would be the position of equi- 
librium and this would correspond to a system having no electrical 
moment. If, however, the electrons were arranged at the corners 
of a twisted cube, no two electrons would be at opposite extremities 
of a diameter. Thus, if the positive atoms were attached to two 
electrons the system would be unsymmetrical and would have 
an electrical moment. Thus the electrical and chemical properties 
support the view that the electrons in the octet are at the corners 
of a twisted cube. The symmetrical position for the hydrogen 
atoms would, with the twisted cube, be when the positive hydro- 
gen atoms are on the axis through the centre at right angles to the 
square faces. On this axis the positive atoms cannot be at a 
distance from the nearest electron less than half the diagonal 
of a square face. This distance is greater than would be neces- 
sary if the hydrogen atoms were placed close to the corners of the 
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octet. This increase of distance would correspond to an increase 
of potential energy which might make the arrangement unstable. 
It would appear from these considerations that there may be more 
than one form of water. Thus the two hydrogens might be joined 
(a) to two electrons on the same square face or (b) one of the 
hydrogens might be joined to an electron on one square face and 
the other hydrogen to an electron on the other. Similar considera- 
tions would apply to the hydroxides of the alkali metals, but we 
should hardly expect the want of symmetry in these to be as 
pronounced as in hydrogen for the reason that the radius of say 
an atom of sodium is greater than that of one of hydrogen, so that 
these atoms might be able to get into the symmetrical positions 
without their distance from the nearest electron being increased 
much beyond that between the atom and electron in the uncom- 
bined atom. The effect of increased size may be illustrated by 
comparing water with methyl ether, which may be regarded as 
water in which the hydrogen atoms are replaced by the larger CH, 
group. The specific inductive capacity of methyl ether and its 
dissociating power are very much smaller than those of water. 

As another instance of the aid which considerations like these 
may give in determining the structure of the molecule, we may 
take the case of SO,. The determination of its specific inductive 
capacity shows that it has a finite electrical moment. It is there- 
fore more likely to be represented by one of the unsymmetrical 
formulas S=O-—O, O=S-—O, than by the more symmetrical 

S 
OAS 
one, C)-—G@) 

A molecule of a gas with a large electrostatic moment may 
itself promote combination between two gases, neither of which 
has molecules with a finite moment. Let us consider the effect of 
a molecule of this kind on the molecules of a gas near it. ‘The 
intense electric field around this molecule will drag towards it the 
molecules around it; it will act as a nucleus round which the 
molecules of the other gas will condense. The nucleus will thus 
bring these molecules nearer together than they otherwise would 
be, and, if like chlorine and hydrogen, they can combine the 
presence of the nucleus, will assist combination. It seems Pos- 
sible that part of the action of water vapour in chemical com- 
bination may arise in this way, the interacting molecules crowding 
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together so as to get into the strongest part of the electric field 
round the water molecules and thus getting into positions which 
are favourable for chemical combination. 

In some cases the product of the chemical action will be active 
molecules with large moment. This will happen in the case of 
hydrogen and oxygen, or with hydrogen and chlorine, since the 
molecules of water and hydrochloric acid have a finite electrostatic 
moment. Here chemical combination promoted by the water 
vapour produces a fresh supply of active molecules and thus of 
nuclei which promote the combination. There will evidently be 
a tendency for mixtures of this type to become explosive. It is 
the intense electric field round a molecule with a finite electrostatic 
moment which causes the other molecules to condense round it. 
If, instead of a molecule with its electrostatic doublet, we had a 
charged ion, we should have a still more intense electric field and 
therefore might expect to get still greater condensation and more 
intense chemical action. The study of the conduction of elec- 
tricity through gases gives us evidence of the existence of this 
condensation, as the ions in gases behave more like clusters than 
single molecules or atoms. It may be asked why is it that while 
molecules possessing finite electric moments are able to promote 
so markedly chemical action, yet the speed of these actions is not 
noticeably greater in ionised than in non-ionised gases, though 
in the former the ions must produce intense electrical fields? 
The answer to the question is, that in any ordinary type of ionisa- 
tion the number of charged ions is very small indeed compared 
with the number of molecules of a foreign constituent of the gas, 
even when the constituent is present as the merest traces. Take, 
for example, the case of water vapour, if the partial pressure of 
the water vapour were only the millionth of an atmosphere there 
would still be about 2.8 x 10'* molecules of water vapour per 
cubic centimetre. With such ionising agents as Rontgen rays, it 
is exceptionally strong ionisation when there are 10° ions per 
cubic centimetre, so that even with the amount of water vapour 
mentioned above, which it would be very difficult to avoid, even 
with the most careful drying, there would be about 2800 times 
as many molecules as there are ions in an intensely ionised gas. 
In cases where there are an exceptionally large number of ions 
present as, for example, in the negative glow in a discharge tube, 
all kinds of chemical actions seem to go on with great facility. 
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We shall see later on how these polar molecules are able to 
bring about dissociation of salts in liquids as well as promote 
chemical action. 

It can be shown ’° that if JZ is the electrostatic moment of a 
molecule, t.¢., the product of one of the charges into the distance 
between the charges in an electric doublet which would produce the 
same electrostatic effect as the polar molecule; then K, the specific 
inductive capacity of the gas at the absolute temperature T and ata 
constant density corresponding to that at 760 mm. pressure and 
o° C., is given by the equations 
88M? X 10% 

Tr (26) 
where a is independent of the temperature. Hence measurement 
of K at two different temperatures would give us M. 

Applying this formula to the results of Badeker’s experiments, 
I find that for water 


K=at 


; M = 2.1 X 1078 (27) 
for ammonia 


M = 15 X 10-8 (28) 


It is probable that determinations of K, and thereby of J, at dif- 
ferent temperatures for different gases, would give us valuable 
information as to the lack of symmetry in the molecules of the gas. 


ARRANGEMENT OF ELECTRONS IN OCTETS. 

We have seen that when a shell of electrons surrounds a 
positive charge equal to the total charge on the electrons so that 
the system as a whole is electrically neutral, eight is the maximum 
number of electrons which can be in stable equilibrium on 
the shell. If some of the positive charge be taken from the 
inside of the shell and placed outside in symmetrical positions so 
as not to destroy the approach to sphericity of the shell of elec- 
trons, we can prove that though this transformation will increase 
the radius of the shell, it will not in general increase the stability, 
and that eight will still be the maximum number of electrons 
which can, consistent with stability, be on the shell. 

Thus confining our attention to systems such as those formed 
by collections of atoms where there is no excess of one kind of 
electricity over the other, eight will be the maximum number of 
electrons that can be included on a single spherical surface, while, 
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if there are less than eight, the system will not be saturated. It 
follows from this that any system of electrons and atoms which 
is stable and saturated must consist of a number of cells of elec- 
trons, each cell containing eight electrons and having a charged 
atom inside. It does not follow that all configurations which can 
be built up in this way are possible, for though each cell might 
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be stable if all the electrons and positive charges outside it were 
fixed, yet an aggregate of such cells need not be stable if all the 
electrons and atoms can move quite freely. Thus we cannot be 
sure that all distribution of electrons into octets represents a pos- 
sible compound—as a matter of fact, we know that many do not. 
Thus to take a system of octets like that shown in Fig. 17, 
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which represents a line of cubes placed face to face, each cube 
containing a positive charge equal to four. This is an electrically 
neutral system, and corresponds to a long line of carbon atoms. 
This system turns out on mathematical investigation to be unstable 
and therefore a long chain of carbon atoms cannot exist, but would 
break up into shorter chains, each containing 2, 3 or 4 atoms; this 
is in accord with chemical experience. On the other hand, long 
chains of the radicle CH, exist in many organic compounds. I 
have found that the analogous system consisting of a row of 
doubly charged positive atoms, each of which is at the centre of 
a tetrahedron of electrons as in Big, 18, as «stable. =Take ans 
another example, a long row of cubes placed edge to edge as in 
Fig. 19, each cube containing a positive charge 6, this would 
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form an electrically neutral system and would correspond to a 
long chain of oxygen atoms. The mathematical theory, however, 
shows that this arrangement is unstable and this is confirmed by 
experience as compounds which contain even very short chains 
of oxygen atoms are highly explosive. 

This division into octets may be regarded as a kind of 
entrance examination which every candidate for recognition as a 
formula representing the structure has to pass, and not as being 
necessarily either the right or even a possible formula. It is a 
necessary condition which every formula must fulfil, but it is not 
sufficient to ensure the stability of the compound. It was just 
the same on the old theory of valency; all kinds of compounds 
could be imagined which would satisfy the valency condition, but 
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only a small fraction of these have been detected. In fact, chemis- 
try is something more than freehand drawing. 

If- we wish to find any arrangement of octets which can 
represent a molecule consisting of specified atoms, we have to solve 
the following problem. The number of electrons at our disposal 
is known because we know the atoms of which the molecule 
consists; we know the number of cells because there is to be one 
round each of the atoms which in a free state have four or more 
electrons in the outer layer. Thus we know the number of cells 
required and the number of electrons at our disposal; we have 
to see if it is possible to arrange the electrons in octets. If the 
octets were separate and did not go shares in any electrons, each 
cell would require eight electrons. Whenever we make an octet 
share an edge with another, we save two electrons; if it shares 
a triangular face, we save three; if it shares a square face, we 
save four. We have to try to find contacts between the octets 
of such a kind that the saving of electrons will equal the difference 
between eight times the number of cells required and the number 
of electrons at our disposal. Thus to take an example, suppose 
we want the arrangement for two oxygen atoms; here two cells 
are required and there are twelve electrons at our disposal; we 
have therefore to save four electrons by the contact between the 
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two cells; to do this the octets must have a square.face in common, 
so that the only possible arrangement is that represented in 
Fig. 20. 

Suppose, however, we have three oxygen atoms to arrange ina 


molecule; hence we require three cells and we have eighteen elec- 
trons at our disposal; hence we have to save 3 x 8—18=6 
electrons by the contacts. We may do this in two ways: In one 
represented in Fig. 21, we have three line contacts, at each 
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of which two electrons are saved. In the other, we have that 
represented in Fig. 22, where we have one line contact, saving 
two, and a face contact saving four. The first arrangement is 


represented by aa , the second by O=O-O; which are 


two possible formulas for ozone. If both are possible, there 
must be two kinds of ozone; the first of these being quite sym- 
metrical would represent a molecule without a resultant electric 
moment, the second we should expect to involve a finite moment. 
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As we can detect the existence of electrostatic moments by experi- 
ment on specific inductive capacity, we may hope to find out 
whether or not there are two kinds of ozone and, if there is only 
one, which is the formula which represents its constitution. 
For CO, we require three cells, and we have 4+ 2x 6=16 
electrons. We have, therefore, to save 3 x 8—16=8 electrons 
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by the contacts; if the atoms are in a line there are only two of 
these, hence we have to save four at each contact, so that the 
configuration will be that represented in Fig. 23. This con- 
figuration can also be regarded as a quadruply charged carbon 
atom placed midway between two oxygen atoms surrounded by 
octets of electrons, each of these systems carrying a charge —2, the 
molecule being represented by O=C=O. We may point out that 
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we might have another configuration for the same distribution of 
electric charges, viz., that represented by Fig. 24; here the 
oxygen atoms carry the same charge as before, but they present 
an edge of the octet to the carbon atom instead of the full face. 
In this case we see that the layer of electrons nearest the carbon 
atom only contains four electrons, in that represented in Fig. 23 
it contains eight. Thus this layer is saturated with the arrange- 
ment of Fig. 23, but not with that of Fig. 24. Thus if the 
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electrons in CO. were arranged as in Fig. 24, the molecule 
would not be saturated; it could accommodate, for example, two 
molecules of water if these were arranged so that the water octet 
presented an edge to the carbon. While if they were arranged 
so that each of the water octets presented a point to the carbon 
atom instead of an edge, it could accommodate four molecules 
of water. If the oxygen atom also turned a corner to the carbon 
atom instead of an edge, there would be accommodation for six 
molecules of water. We thus see that where there are contacts 
such as those in Fig. 23, which are represented by double bonds 
between the atoms, we can, by altering the orientation of the cells, 
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make room for other neutral molecules or radicles. The whole 
number of system nearest to the central atom must not, however, 
exceed eight. 


DISPOSITION OF THE ELECTRONS IN TYPICAL COMPOUNDS. 


This subject, as you are doubtless aware, has been treated very 
fully by Mr. Langmuir and Professor Lewis, starting from a 
different point of view from that adopted in these lectures. I shall 
therefore only discuss it very briefly. 

Chlorides —Monochlorides, type HCl. We have here a posi- 
tive charge outside the octet. The compound has a finite electro- 
static moment. The region around the hydrogen atom is com- 
paratively free from electrons, thus negative ions or molecules of 
water could be held in stable equilibrium round the hydrogen ion, 
so that substances with this composition should be hygroscopic. 

Bichlorides, type CaCl,. A double positive charge between 
two octets; the molecule is non-polar. If each of the octets pre- 
sents a face to the calcium atom, there will be eight electrons on a 
sphere round this atom; with this configuration there is no room 
for other molecules. If the chlorine octets swing round so as 
to present an edge instead of a face to the calcium atom, there 
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will only be four electrons on the layer next to this atom. 
Thus there would be room for two water molecules if the water 
octets came edge foremost, or for four if they came point fore- 
most. While if the chlorine octets were also point foremost 
to the calcium atom, there would be room for six mole- 
cules of water. We should expect these chlorides to be 
very hygroscopic. 

An interesting fact about the halides is that we find chlorides 
such as tungsten hexachloride, WCl,, and molybdenum penta- 
chloride, MoCl;, sulphur hexafluoride, SF,, in which there are 
more than four atoms of chlorine or fluorine combined with one 
atom of another element. Now if each octet is to present an edge 
to the central atom, it will furnish two electrons to the layer 
round the central atom and as the number of electrons in this 
layer cannot exceed eight, it follows that there cannot be more 
than four atoms of one kind combined with one of another, a 
rule to which there are a few exceptions, such as these we are 
considering. We may explain the existence of these in two ways 
one is to suppose that only four of the chlorine atoms are in the 
inner zone, that the other two are in the outer zone. In this 
case two chlorine octets carrying a negative charge would 
be easily detached, so that the compound should be a good electro- 
lyte. The other supposition is that all the chlorine octets are 
in the inner zone, but only two of them present an edge to the 
central atom, the other four only presenting a corner. The dif- 
ference between the two is roughly that on the first supposition, 
two chlorine octets are loosely and four firmly held, while on the 
second two are firmly and four loosely held. 

Oxides.—The points previously raised in connection with 
water apply to the oxides of the univalent elements generally. 

Oxides of divalent elements of the type CaO. Here we have 
the core of the calcium atom outside the oxygen octet. If this 
octet presents an edge towards the calcium atom, there will be 
room for three more octets, each presenting an edge, so that we can 
easily understand why this substance dissolves easily in water. 
It is not necessary that the octets which go to complete the tale 
round the calcium atom should be those of water molecules, they 
may be the octets of other CaO molecules. The fact that the octet 
of one molecule of CaO can also find its way into the inner zone 
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surrounding other Ca atoms, will have a great effect in binding 
the different molecules together and thereby account for the very 
high melting points of the oxides. The arrangement in two 
dimensions when molecules of CaO mutually saturate each other 
is shown in Fig. 25. The arrow between Ca and O indicates 
that two electrons have gone from this particular calcium atom to 
complete the octet round the oxygen atom. ‘The octets are sup- 
posed to present their edges to the calcium atom. 

Sesquioxides, type B,O,;. The most symmetrical arrange- 
ment for oxides of this type would seem to be one where the three 
oxygen octets have their centres at the corners of an equivalent 
triangle, while the cores of the two boron atoms are symmetrically 
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placed on an axis at right angles to this triangle and passing 
through its centre. 

Carbonates—M.CO,;. We have here three oxygen octets 
surrounding a central carbon atom. If the inner zone round 
this atom is to be saturated with electrons, one of the octets must 
turn a face, while the other two octets present edges, towards the 
carbon atom. If the octet turning its face to the carbon twists 
round and turns an edge, there will be room for another octet in 
the inner zone; thus the molecule can take up water or bind itself 
to other molecules of the carbonate. There would seem to be 
the possibility of two isomers, in one both the metal atoms are 
attached to the octets which present edges to the carbon; in the 
other, one metal atom is attached to the octet presenting a face 
and the other to one of those presenting an edge. 
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Nitrates ——-MNO,. The arrangement is the same as for 
the carbonates, except that the central atom is nitrogen, with a 
positive charge of five and not carbon with a charge of four, and 
there is only one metal atom instead of two to put outside the 
octets. There is the possibility of two isomers as before. 

Sulphates—M,SO,. Here we have four oxygen octets sur- 
rounding a central sulphur atom. These must have edges and not 
faces turned towards this atom. As all the four octets are 
turned the same way and are similar there will be no isomers. 

Perchlorates—MCI1O,. The same as the preceding, except 
that the central atom is chlorine and not sulphur, and there is 
only one metal atom to place outside the octets. 

Sulphites—M.SO,. These from our point of view differ 
from the carbonates and nitrates because after providing for the 
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electrons to furnish the three oxygen octets, there are still two 
electrons to provide for. The most symmetrical way would be 
to arrange them as in Fig. 26, t.e., with one of the M atoms 
connected directly up with the sulphur and not indirectly through 
an oxygen octet. This would put the metal atom in the inner 
zone, from which we should not expect it to be detached in elec- 
trolysis; thus if M were hydrogen, this arrangement would corre- 
spond to a monobasic acid. H,SO; is, however, dibasic and 
therefore has probably both the H atoms connected directly with 
the oxygen and not with the sulphur. In this case we see that 
there are two electrons which have no direct connection with any 
but the sulphur atom, and which would be available for attach- 
ing to the M,SO, molecule the positive part of any polar molecule 
or to complete the octet of an oxygen atom and thus form 
the sulphate. 

Chlorates —MCIO,. Here we have the same number of elec- 
trons as in the sulphites, but the fact that the chlorates very 
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readily give up oxygen while the sulphites take it up, suggests a 
different grouping of the electrons. The arrangement given in 
Fig. 27, where one of the oxygen atoms is bound to another 
oxygen atom and not directly to the chlorine, would represent a 
molecule which would readily part with oxygen. 

This arrangement of two oxygen octets with an edge in 
common is one that occurs in connection with the molecules of 
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exceptionally intense oxidising agents, and we have already met 
with it when considering the form of the molecule of ozone. In 
hydrogen peroxide H.,O, there are two possible forms, one repre- 
sented by Fig. 28: (a) In which both hydrogen atoms are 
attached to the same oxygen octet, and the other (b) when one 


Pe 


hydrogen atom is attached to one oxygen octet and the other to 
the other. In both cases we have two oxygen octets connected 
together by anedge. The first one would possess a finite electrical 
moment, the second one would not, so that the forms could be dis- 
tinguished by measuring the specific capacity of H,O, in the 
gaseous State. 

Nitrites—HNO,. The nitrites resemble the sulphites in 
having two electrons which are not in direct connection with any 
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but the central atom. There are two oxygen octets and two elec- 
trons £, as in Fig. 29. If the hydrogen ion took up the position 
(H1), it would be bound by these electrons, the hydrogen would 
be in the first zone and the substance would not be an acid. If 
the hydrogen is attached to one of the oxygen octets, the sub- 
stance will be an acid, and the two electrons will be free to 
complete the octet round a neutral atom of oxygen, link it up 
with the nitrogen, and convert the nitrite into a nitrate. 


CONNECTION BETWEEN CHEMICAL CONSTITUTION AND 
CHEMICAL PROPERTIES. 


If we know the distribution of the electrons and positive 
charges in a molecule, the behaviour of the molecule under 
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specified physical conditions can be calculated from the forces 
exerted on each other by the electric charges. The exact calcu- 
lation in most cases would be a process of considerable length, 
but we can get without an appreciable amount of mathematics a 
general idea of the nature of the change in properties likely to 
be produced by changes in the composition of the molecule. ‘The 
clearest way of illustrating the point in question is to take an 
example. Methyl alcohol CH;OH is a substance without any 
tinge of acid properties; in fact, it is basic, if anything. When, 
however, two of the hydrogen atoms are replaced by an oxygen 
one we get formic acid, a substance with pronounced acid proper- 
ties. We know the general character of the distribution of elec- 
trons in the two cases, can we see why the difference in the dis- 
tribution should make the difference betwen an acid and a feeble 
base? We shall suppose that the acid character of a substance 
containing the hydroxyl radicle OH depends on the ease with 
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which the hydrogen ion H can be detached from the oxygen. 
We have therefore to see what is the difference between the force 
on the hydrogen ion in CH,OH and CH.O.OH. The arrange- 
ment of the electrons in methyl alcohol is represented in a 
general way by the continuous lines in Fig. 30, where for 
the sake of avoiding confusion in the drawing, the tetra- 
hedral arrangement of the H,, OH atoms round the cen- 
tral carbon atom has been replaced by an arrangement in one 
plane. We have*the octet round the carbon atom; the size 
of this does not vary much from one compound to another. We 
may thus regard this octet as occupying much the same position 
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in the formic acid as in the methyl alcohol. Consider the differ- 
ence when we replace two of the hydrogens H., H, by an atom 
of oxygen. We take away the positive charges H,H,, and replace 
them by a positive charge 6 at the centre S of the oxygen 
octet, and four negative electrons at the corners E,F of the face of 
this octet. Thus the difference between the forces on the atom 
H, 1n the hydroxyl radicle in the methyl alcohol and formic acid 
is the difference between the force exerted by the positive charge 
6 at S, by the four electrons on the face EF of the octet, and 
that exerted by the two positive charges H,3H,, which can be 
represented approximately by a positive charge 2 at S. Sub- 
tracting this from the charge 6 due to the oxygen, we see that 
the change due to substituting the oxygen for the two hydrogens 
can, as far as the forces are concerned, be represented by a plus 
charge 4 at S, and a charge on the whole amounting to —4 carried 
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by four electrons at the corners of the square face of the octet. 
If we replace these by a charge —4 at G, the centre of the square 
face, then the force on H, in the formic acid molecule will equal 
the force on H, in the molecule of methyl alcohol plus the force 
due to the doublet with a positive charge 4 at S and a negative 
one —4 at G. The effect of the doublet is, as will be seen from 
the figure, to repel H, away from O. It will thus tend to detach 
H, from the molecule, 7.e., to make the molecule act like an acid. 
As a further example let us consider whether replacing a 
hydrogen atom in such a compound as formic acid by a chlorine 
one would increase or diminish the acid properties of the molecule. 
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Suppose that Fig. 31 represents the distribution of the 
electrons in a molecule of formic acid. If the hydrogen H, were 
replaced by chlorine, the change as far as the electrical forces are 
concerned will be that the charge +1 at H, will be replaced by 
a charge +7 carried by the chlorine atom, and that six other 
electrons will be introduced which, with the two along the edge E, 
will make up the octet round the chlorine atom. To calculate 
the effect of these six electrons, we take the four along the edges 
F and G; these are at the corners of a rectangle whose centre 1s 
at S, the centre of the chlorine atom. If these electrons act as 
if they were concentrated at the centre of figure S, they will have 
the effect of reducing the positive charge at the centre of the 
chlorine atom from 7 to 3. Now take the two electrons at the 
edge L; these with two of the three charges at the centre of the 
chlorine atom will form an electrical doublet whose moment is 
2e x LS with its positive part turned towards the centre of the 
molecule, the remaining positive charge at S will represent the 
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positive charge on’ the hydrogen atom before it was replaced by 
chlorine. Thus the difference in the forcés due to the replacement 
of hydrogen by chlorine is represented by the electrical doublet 
2e.LS, and this as we see from the figure will tend to drive off 
the hydrogen in the hydroxyl radicle—thus the substitution of 
chlorine for hydrogen tends to increase the acidity of the mole- 
cule. This is very strikingly shown by monochlor, dichlor and 
trichlor acetic acids, which are much stronger acids than acetic 
acid itself. 

It follows from the investigation we have just given that if 
in a hydrocarbon such as CH, we substitute for one of the hydro- 
gen atoms &, the atom of an electronegative element such as 
chlorine, the change in the electric forces can be represented by 
the introduction of an electrostatic doublet at E with its axis 
along CE and the positive part of the doublet turned towards C. 
The molecule of CH, before the substitution of the chlorine 
atom was non-polar, 1.e., the molecule had no electrostatic moment, 
the substitution of the chlorine for the hydrogen introduces a 
finite electrostatic moment and thus makes the molecule polar. 

The positive part of the doublet at E is turned towards C, 
hence the force it produces at Ff, G, H, the other corners of the 
tetrahedron whose centre is at the carbon atom, will tend to 
attract negatively and repel positively charged atoms. Hence if 
a molecule of CH,Cl were placed under such conditions that there 
were positively and negatively charged atoms in its neighbour- 
hood, the concentration of the negative atoms round F, G, H 
would be greater than it would be for the molecule CH, before 
the hydrogen at E had been replaced by the electronegative chlo- 
rine. Thus the substitution of the atom of an electronegative 
element for one of the hydrogen atoms round the carbon will 
tend to promote the substitution of electronegative atoms for the 
remaining hydrogen atoms. If two of the hydrogen atoms are 
replaced by an atom of oxygen, this will for the same reason 
promote the substitution of electronegative atoms for the other 
two hydrogen atoms. We have illustrations of this effect in the 
following examples for which I am indebted to Mr. W. H. Mills. 

Ethyl chloride + chlorine (1 molecule) in the liquid state 
under the influence of ultra-violet light, 


CH; . CH2Cl —> CH;. CHCl, + CH2Cl. CH2Cl 
70 per cent. 10 per cen t. 
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Ethyl bromide heated with bromine in sealed tube, 
CH; 4 CH2Br ——— (lal. CHBr. 


Chlorine on boiling toluene (C,H;.CH;) in sunlight gives 
successively 
CeH;CH2Cl, CeH;CHCh, CeH;CCl; 


We see from these examples that there is a tendency for a new 
hydrogen atom to go into that part of the molecule which is 
already halogenated. 

In the presence of catalysts such as ferric bromide, the halogen 
atoms in the higher members of the series go to the carbon atom 
adjacent to the one already brominated. 

Another illustration of this effect is the well-known fact that 
when an organic compound is oxidised the carbon atom attacked 
is the one which already is attached to oxygen. 

I pass on now to consider a problem which I can best explain 
by stating a particular case. Why is it that in a compound such 
as methyl alcohol H;C.OH the only atom of hydrogen which 
is replaceable by a monovalent metal is the one in the hydroxyl 
radicle. Or to take another aspect of the same problem, why can 
the hydrogens in marsh gas not be replaced by the monovalent 
positive elements, while they can be replaced by the monovalent 
negative ones like Cl, Br, I? Let us consider what are the con- 
ditions for the existence of CH,. We have an octet of electrons 
round the carbon atoms. The carbon atom which only carries a 
charge of four units could not by itself keep eight electrons in 
stable equilibrium. It is enabled to do this by the stabilising 
effect of the positive charges which are on the hydrogen atoms. 
This stabilising effect will depend on the distance of the positive 
charge on the hydrogen from the nearest electron in the octet, 
a distance which we should expect to be not greatly different from 
the radius of the hydrogen atom. Consider now the effect of 
replacing the hydrogen atom by one of an alkali metal; the radius 
of the atom of the alkali metal is very considerably greater than 
that of the hydrogen atom. The control over the electron in the 
metal is much less than that on the electron in the hydrogen atom. 
This is shown by the fact that the ionising potential for the 
hydrogen atom is much greater than that for the metal one, thus 
we should expect the stabilising effect of the positive part of the 
metal atom to be very considerably less than that of the hydrogen 
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atom. Thus while the stabilising effect of the hydrogen atom 
may be great enough to make the octet of electrons round the 
carbon atom stable, that of the metal atom may not be able to 
do so, in which case the metallic compound could not exist. 

In this view the atoms of the monovalent metals are not 
efficient stabilisers of an octet of electrons, and we should expect 
that in the compounds they form the octet should be of a kind 
that requires little help from the positive charge on the metal 
atom to make it stable. 

Let us consider a few types of the salts formed by these 
monovalent metals. Let us begin with the chlorides, here we have 
an octet of electrons round the chlorine atom and the positive 
charge outside. Now experiments with positive rays show that 
a neutral chlorine atom, having seven electrons in the outer layer 
readily takes up a negative charge, 1.e., acquires another electron. 
Thus an octet of electrons round a chlorine atom is stable even 
without the assistance of an external positive charge, and thus 
a metal atom outside an octet round a chlorine atom will be a 
system where the octet is very stable. Hence we should expect 
that all these alkali metals would, as in fact they do, form 
chlorides readily. Now let us turn to the hydroxides. The neutral 
hydroxyl radicle has seven electrons arranged round the oxygen 
atom. Now again experiments with positive rays show that the 
hydroxyl radicle very often occurs with a negative charge and in 
this state there must be an octet of electrons round the oxygen 
atom. Thus such an octet with the hydrogen atom outside is 
stable by itself even without assistance from the positive part of a 
metallic atom. Thus when it gets this assistance the octet will 
be very stable, so that we should expect, as in fact is the case, 
that the hydroxides of the alkali metals would be formed 
very readily. 

Now let us turn to the oxides, here we have an octet round the 
oxygen atom and the positive part of two metallic atoms outside. 
As lines corresponding to negatively electrified oxygen atoms are 
to be seen on nearly every positive-ray photograph, a system of 
seven e’ectrons round the oxygen atom must be a stable system 
In the case of the metallic oxides we have two positive charges 
to make the-system stable when another electron is added. We 
have seen from the case of hydroxyl that a single hydrogen atom is 
able to bring about this stability, so that as two metal atoms are 
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available the metal atoms would have to be very inferior to the 
hydrogen one as stabilisers if the octet were not fairly stable. 
Now let us consider why it is that, while we cannot replace by 
a metal one of the hydrogen atoms directly connected with the 
carbon atom in a hydrocarbon, we can replace the hydrogen in a 
hydroxyl group linked up to the carbon. Let us take methyl 
alcohol as an example, where we may suppose the electrons are 
arranged as in diagram 30. We see that from its position the 
hydrogen in the hydroxyl group has little to do with the stability 
of the octet round the carbon atom; it is the stability of that 
round the oxygen atom with which it is concerned. Now an 
octet round an oxygen atom is a very different thing as far as 
stability is concerned from one round a carbon atom. We have 
seen that seven electrons can be in stable equilibrium round an 
oxygen atom without any help from systems outside and that a 
single positively charged hydrogen atom outside is sufficient to 
make the octet stable. If the hydrogen in the hydroxyl is replaced 
by a metallic atom, then to keep the octet round the oxygen atom 
stable we have not only the positive part of the atom of the 
metal, but also that of the carbon atom with its attached electrons 
and positive hydrogen atoms. Thus the conditions are much more 
favourable for the stability of this octet than they are for that 
round the carbon atom, and thus it may be possible to replace the 
hydrogen in the hydroxyl but not that in the rest of the atom. 
The positive rays afford evidence that to make the octet of elec- 
trons round the carbon stable in a compound CH,X, where X is 
a monovalent element, assistance is required from X. For if it 
were not, the system got by removing the positive part of X 
would be stable, but this system is just the radicle CH; with a 
negative charge. Now the line corresponding to this radicle 
occurs frequently in positive rays, but always with a positive 
charge, while other radicles, such as OH, are found with negative 
as well as with positive charges. This is an indication that the 
stability of the octet round the carbon atom depends upon the 
presence of X. On the other hand, if the residue after taking 
away an atom of hydrogen from a hydrocarbon is stable even 
after receiving a negative charge we should expect that the 
hydrogen atom might be replaced by an atom of the metal, for 
the molecule is stable after the hydrogen has been removed 
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and the octet does not depend on the positive charge for its 
stability. Now on many positive-ray photographs I have observed 
a line corresponding to a molecule with a negative charge, whose 
molecular weight is 25, when hydrocarbons were in the discharge 
tube. The molecular weight indicates that the molecule is 
C,H, 1.e., acetylene minus an atom of hydrogen, if this is so the 
hydrogen in acetylene might be replaced by a metal: The com- 
pound C,Cu, which is of this type is well known. 

Though we have seen the stability of the oxides indicates that 
the octet round the oxygen atom can be stabilised by the presence 
outside it of the positive parts of metallic atoms, there are indica- 
tions that this octet is not so stable as those in the chlorides and 
hydroxides. The main evidence is that many oxides and sulphides 
when in the solid state are conductors of electricity, especially at 
high temperatures, and that, as the researches of Konigsberger 
and Horton show, this conductivity is not electrolytic, but resem- 
bles that through metals. There are some chlorides which con- 
duct in the solid state, but as far as 1 am aware their conductivity 
is always electrolytic. The conductivity of metals can, as we shall 
see, be explained as due to electrons which move freely about in 
certain directions through the solid. So that the non-electrolytic 
conductivity of these oxides and sulphides indicates that some 
electrons have got free, i.e., that some of the octets round the 
oxygen and sulphur atoms have broken up. This breaking up 
increases very rapidly with the temperature. Another piece of 
evidence to the same effect is the very intense thermionic emission 
by oxides such as those of calcium, strontium and barium, an 
emission which, as Horton has shown, is far more intense than 
that from the metals themselves at the same temperature. On our 
view this is due to the breaking up of the octets round the oxygen 
atoms. The smaller the charge on the neutral atom, the more will 
the stability of the octet round it depend on the positive charges 
outside. Thus as nitrogen has only a charge 5 while oxygen 
has one of 6, we should expect the octet round nitrogen in a metal- 
lic compound to be more easily broken up than that round oxygen 
in metallic oxides and that the non-electrolytic conductivity should 
be greater. It would be interesting to test from this point of view 
the properties of tripotassiumamide, NK®. 


CHAPTER III. 


RESIDUAL AFFINITY, MOLECULAR COMPOUNDS, WERNERS 
COORDINATION NUMBERS. 


WE have regarded the molecule of a chemical compound as 
made up of atoms some of which have lost electrons, while others 
have gained them, so that the former are positively, the latter 
negatively, electrified ; the forces between the electrical charges on 
the atoms and electrons binding the atoms together in such a 
way as to form a stable system. The number of electrons which 
an atom can gain or lose depends upon the nature of the atom. 
_The number it can lose is equal to the number of electrons in the 
outer layer, and varies from one to eight according as the element 
belongs to one or other of the Mendeleefian groups; the number 
it can receive is 8. minus the number in the outer layer. 

If the transference of electrons has proceeded to its limit, 1.e., 
if every positively charged atom has received the maximum posi- 
tive charge of electricity it can acquire and every negatively 
charged one its maximum charge of negative electricity, there 
must be simple relations between the number of different kinds of 
atoms in a neutral molecule. Thus, for example, if we have two 
kinds of atoms, e.g., calcium and chlorine, since the neutral cal- 
cium atom has two electrons in its outer layer and the neutral 
chloride seven, the calcium atom can lose two electrons while the 
chlorine atom can only gain one. We see therefore that when the 
transference of electrons has gone as far as possible, each calcium 
atom will have given up its electrons to two chlorine atoms neither 
more or less and thus for each calcium atom positively charged 
there must be two chlorine ones with negative charges, thus the 
composition of the molecule would be represented by the symbol 
CaCl,. And we can show easily that when the transference of 
electrons has proceeded to the limit the proportion between the 
numbers of the various kinds of atoms in the molecule will be the 
same as that deduced from the ordinary principles of valency. 

In such a molecule as CaCl. the transference of electrons 
has reached its limit, and as far as this property is concerned the 
molecule may be regarded as “ saturated.’’ Unfortunately there 
has been a tendency to regard this “saturation”’ as applying to 
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quite a different thing. Some chemists have supposed not merely 
that the calcium atom when it had charged two chlorine atoms 
had exhausted its power of charging up any more atoms negatively, 
which is true, but they implied, which is not true, that the doubly 
charged calcium atom cannot by its attraction hold more than two 
atoms in stable equilibrium. It is important to distinguish between 
the maximum positive charge the atom can acquire and the maxi- 
mum number of negatively electrified systems which the maximum 
charge can hold in stable equilibrium in a single layer around it. 
The table given in the first chapter shows that when the attractive 
force between the positive charge and a negative one is represented 


by = =, the number of negative charges which a positive 
charge can hold in stable equilibrium in a single layer is, when 
the positive charge does not exceed a limit determined by the 
value of u, greater than the number of units of positive charge 
on the central system. This is confirmed by the fact that the 
positive-ray method reveals the existence of negatively charged 
atoms, for example, the atoms of hydrogen, carbon, oxygen, 
chlorine are frequently found to be negatively charged, and a 
negatively charged atom must have more electrons than the num- 
ber of units of positive charge. Thus, though a calcium atom 
could not itself charge negatively more than two chlorine atoms, 
yet if a third chlorine atom, negatively electrified by some external 
agent, were brought near the calcium atom, it would hold it in 
stable equilibrium and form the system Ca Cl Cl Cl. This sys- 


Z, 
tem would, however, be negatively choween and so could not be 
expected to remain free under normal conditions; it might, how- 
ever, be found in electrolytes or charged gases. There may, how- 
ever, be electrically neutral compounds in which the calcium 
atom is surrounded by more than two systems. Let us suppose 
that instead of bringing up a negatively electrified chlorine atom 
to the CaCl,, we bring up a molecule which possesses considerable 
electrical moment, 1.e., one in which the positive and negative 
parts are separated by a considerable distance, such, for example, 
as a molecule of water H(OH). The negative end of this would 


+ 
place itself closer to the calcium than the positive one and we 
should get a system such as that represented in Fig. 32. 
This system as a whole is electrically neutral and so could exist 
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under normal conditions; it would be held together by forces of 
just the same type as those which hold the atoms together in 
CaCl,, yet from the ordinary chemical point of view the latter is 
a valency compound while the former is not. 

It must be noticed, however, that though the number of sys- 
tems that can exist round the central atom may be greater than the 
positive charge on that atom, theory indicates that there is a sharp 
limit to this number, so that the possible compounds of this type 
would be determined by definite rules. 

We can get some information about the number of atoms or 
molecules which can be grouped in stable equilibrium about a 


central system S by applying the condition for stability which we 
have already used when considering the stability of arrangements 
of electrons in the atom. Let us suppose that the atoms grouped 
around S are the centres of octets of electrons, the electrons in 
these octets which are nearest to S will furnish a layer of electrons 
round S and for stability the number of electrons in this layer 
must not exceed eight. The number of electrons an octet will 
supply to this layer will depend upon the orientation of the octet. 
If O is the centre of the octet, then if SO passes through an elec- 
tron, 1.¢., if the octet presents a corner to S, it will supply one elec- 
tron to this layer. If SO bisects at right angles the line join- 
ing two electrons on the octet, 1.e., if the octet presents an edge to 
S, two electrons will be supplied, while if SO is at right angles toa 
face of the octet, i.e., if the octet presents a face to S, four elec- 
trons will be supplied. When all the octets present corners to S 
the maximum number around S will be eight. Considering the 
exiguous character of this connection between S and the octets, 
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we should not expect this arrangement to have any very great 
stability. If each octet presents an edge to S,.the maximum num- 
ber of octets will be four, while if each presents a face to S, the 
maximum number will be two. Thus the number of systems which 
can be held in stable equilibrium in the first zone round S, which 
following Werner we shall call the coordination number of S, 
may vary from 2 to 8. Werner finds that an appreciable number 
of elements have a maximum coordination number four, a few 
have eight, the number for the majority is, however, six, which 
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would correspond to four of the octets presenting a corner, and 
two an edge to S. 

The coordination number is never less than the valency and is 
generally greater. The somewhat vague notion implied by the 
use of the term “ Residual Affinity,’ which appears frequently 
in chemical literature, is an attempt to give expression to the facts 
implied by a difference between the valency and the codrdination 
number. The consequences of this difference are of the first 
importance. Let us see, for example, how it would facilitate the 
aggregation of molecules. Let us take as an example formalde- 
hyde COH,, a substance which is saturated for valency purposes, 
but is not coordinately saturated. Thus if A (Fig. 33) repre- 
sents a molecule of formaldehyde, then if the coordination number 
of carbon is four, 4 can hold another negatively electrified oxygen 
atom in its shell; this may form a part of another formaldehyde 
molecule B, and thus A and B may be held together in the way 
indicated in Fig. 33. As B is not coordinately satisfied, it may 
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link up with the oxygen from a third molecule C; in this way 
aggregates of the formaldehyde molecule would be formed readily. 

We can apply to the union of molecules considerations quite 
analogous to those we applied to the combination of atoms. Thus, 
for example, we can picture two molecules of Li Cl joined together 
by an arrangement like Fig. 34, which is similar to that binding 
two atoms of lithium together, the electrons in the latter being 
replaced by negatively electrified atoms in the chloride. Indeed, 


Fic. 34. 


if the coordination number were always eight, the molecular 
compounds would run quite parallel with the atomic ones, ¢.g., 
the atoms would be arranged in octets in the molecular compounds 
just as the electrons are arranged in octets in the atomic ones. 
Since eight is the maximum number of electrons which can be 
arranged in one layer round a central atom, eight is the codrdina- 
tion number of an atom with respect to electrons; hence when 
the codrdination number in molecular compounds is eight, we see 
that the molecular compounds will run parallel to the atomic ones. 
Let us apply this result to a particular case. We saw that when 
the atoms of an element contain few electrons, so few that these 
are not sufficient in a diatomic molecule to make up the total of 
eight, the molecules have a great attraction for each other, so that 
the element under normal conditions is in the solid state, e.g., 
Li, Be, Bo, C. When, however, there are sufficient electrons in 
the atom for the atoms in a diatomic molecule to make up, by 
sharing electrons, one or more octets, the molecules have but little 
attraction for each other, and the element is gaseous, ¢.g., 
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N., Oz, F., Ne. Considerations of exactly the same character will 
apply to the molecular compounds formed, for example, by the 
chlorides. A chloride like NaCl, which contains only one chlorine 
atom, is analogous to an atom containing only one electron; a 
chloride like BeCl,, which contains two chlorine atoms, to an 
atom containing two electrons and so on. The molecules formed 
by atoms which contain less than five electrons exert great attrac- 
tions on each other and condense into the solid state, while those 
containing five or more electrons are much more volatile and for 
the elements in the first period are gaseous. The result we have 
just obtained shows that we may apply to the chlorides the same 
reasoning as we applied to the atoms. Hence we should expect 
those chlorides which contain only a small number of chlorine 
atoms, to be solids; while those containing more than a certain 
number of chlorine atoms should be much more volatile. ‘lhe 
following table of the boiling points of the different chlorides 
and fluorides shows that this is the case to a very marked extent. 

The number of halogen atoms corresponding to a volatile or 
non-volatile substance will depend upon the coordination number 
of the element with which the halogen atoms are combined. The 
smaller the coordination number of the element, the smaller the 
number of chlorine atoms required to make the chloride volatile. 
As the coordination number varies from element to element, 
the connection between volatility and the number of chlorine 
atoms cannot be expected to be as clear cut as that between 
the volatility of an element and the number of electrons in the 
atom, as the coordination number of an atom with respect 
to an electron is always eight. The non-volatility of some of the 
chlorides such as WCI;, WCI, is, I think, due to the chlorine atoms 
being in two layers, so that the number in the outer layer, which 
determines the volatility, is less than the number of chlorine atoms 
in the compound. 

Another example of the analogy in physical properties for 
similar proportions between the number of electrons in the atom 
and the number of chlorine atoms in a chloride is afforded by 
the consideration of the electrical properties of the elements and 
of chemical compounds. 

When there are less than four electrons in the outer layer of 
an atom of an element, the element is a metal and a good con- 
ductor of electricity, the conductivity arising from the movement 
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Compounds Containing One Halogen Atom. 


Name. Formula. Melting point. Boiling point. 
Sodium chloride NaCl 776 
Silver chloride AgCl 450 
Sodium fluoride NaF above 902 


Compounds Containing Two Halogen Atoms. 


Calcium chloride CaCl, ; 720 
Magnesium chloride MgCl 708 

Strontium fluoride SrF, above 902 

Calcium fluoride CaF, above 902 : 
Stannous chloride SnCl, 250 620 


Compounds Containing Three Halogen Atoms. 


Antimony trichloride SbCl; We 223 
Bismuth trichloride BcCls 230 430 
Boron trichloride BCI; liquid 18 


Compounds Containing Four Halogen Atoms. 


Silicon tetrachloride sich liquid 50 
Stannic chloride SnCh liquid 114 
Titanium tetrachloride Mee : liquid 135 
Silicon tetrafluoride SiFs gas 


Compounds Containing Five Halogen Atoms. 


Antimony pentachloride SbCl gas 
Molybdenum pentachloride MoCl; 194 268 
Tungsten pentachloride WC; 248 278 


Compounds Containing Six Halogen Atoms. 


Sulphur hexafluoride SF; gas 
Tungsten hexachloride WC; 275 346 


of the electrons; when there are more than four electrons in 
the outer layer the element is a bad conductor of electricity. The 
electrical conductivity of fused chlorides may be compared with 
that of the metals, the negatively electrified chlorine atoms taking 
the place of the electrons and making the conduction electrolytic. 
Chlorides containing a small number of chlorine atoms are good 
conductors when fused, while the higher chlorides like SnCl,, CCl, 
insulate, although they are in the liquid state. 

The thermionic properties of metals find, too, a parallel in 
those of the chlorides. A metal contains lattices of positively 
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electrified atoms and electrons, the solid chlorides, lattices of the 
atoms of the metal and of negatively electrified chlorine atoms, 
and the work required to eject a chlorine atom from the salt 
would be of the same order as that required to eject an electron 
from the metal. Again, the proportion between the number of 
atoms and electrons in the metal would be the same as that between 
the number of metal atoms and of chlorine atoms in its chloride. 
Hence we should expect from thermodynamic considerations that 
at temperatures at which the thermionic emission of electrons 
from the metal is considerable, there should be an emission of 
negatively electrified chlorine atoms from the salt. Such an emis- 
sion does in fact take place.*® When salts are first heated con- 
siderable currents are carried by the chlorine atoms and no elec- 
trons can be detected. The effects produced by prolonged heating 
are very complicated, more so even than those occurring on the 
emission of electrons from hot metals. This is what we might 
expect, as the tearing away of the chlorine atoms would produce 
a more fundamental change in the surface than the emission of 
electrons from a metal. After prolonged heating electrons, as 
well as chlorine atoms, are given off, suggesting that the tearing 
away of the chlorine atoms has produced an excess of metal 
atoms at the surface. 

When the coordination numbers of the metals occurring in 
double salts are not all equal, the arrangement of the electro- 
negative atoms round the atom of the metal will not be in octets, 
but one which provides a layer of negative atoms round each atom 
equal to the coordination number of that atom. 

Before leaving the consideration of the coordination number 
we must raise the question whether a doubly charged atom like 
oxygen ought to count as two towards the coordination number 
as it does towards the valency. If we take the view before 
discussed, the oxygen atom for coordination purposes ought 
to count as one and not as two. On that view the limits to the 
coordination number depend on the octets round the central atom. 
An octet with a double charge, such as that associated with an 
oxygen ion, can be orientated so as not to bring more electrons 
into the layer next the central atom than an octet with a single 
charge like that associated with a chlorine ion, thus the oxygen 
need not count for more than the chlorine. 


* Richardson, “Emission of Electricity from Hot Bodies.” 
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ELECTROLYTIC DISSOCIATION. 


When the coordination number of the central atom is greater 
than its valency, the molecule can combine with polar molecules 
such as H,O, NH, to form new compounds in which the atoms 
in the original molecule are driven further apart, and are therefore 
able to rearrange themselves with the expenditure of much less 
energy than would have been necessary if these compounds had not 
been formed. Positively and negatively charged atoms may in 
this way be thrust so far apart and the connection between them 
made so slight that they move in opposite directions under the 
action of an electric field, and are thus resolved into ions. 

This is well illustrated by the well-known example given by 
Werner of the ammoniates of platinic chloride. If the codrdina- 
tion number of platinum is six, then in PtCl, there is room for 
two polar molecules in the first layer round the platinum atom 
without that layer becoming unstable. The chlorine atoms are 
in direct connection with a platinum atom and so cannot be 
detached easily from it. Thus the compound PtCl,(NH3;). is not 
an electrolyte. If, however, more molecules of NH, are added, 
since 6 is the maximum number of constituents which can be in 
one layer round the positive charge, the constituents in the inner 
- layer must break up into two groups, one group forming a layer 
of six next the platinum, the remainder forming an outer layer 
at some distance from the inner one. The process is very closely 
analogous to that described in Chapter I when new layers of 
electrons are formed when the number of electrons in the atom 
exceeds the number which can be held in stable equilibrium in one 
layer by the central positive charge. 

Thus if four molecules of ammonia are added to the platinic 
chloride, there must be two constituents in the outer layer; if these 
are chlorine atoms carrying a negative charge they will be easily 
detached and form negative chlorine atoms and the compound will 
be, as Werner showed it is, an electrolyte, with ions PtCl,(NH:,), 


+ 
and Cl Cl. The work required to separate the ions comes from 


the loss of potential energy due to the approach of the polar 
molecules to the central system, and not from thermal agitation. 
The reasons in favour of this view of electrolytic dissociation are 
in my opinion very strong. I have already pointed out that to 
ionise a molecule isolated from other molecules would require 
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an amount of energy comparable with the “ionising potential” of 
one of its atoms, a quantity varying from one. element to another, 
but comparable with 10 volts. As the average kinetic energy of 
a molecule at o° C. due to thermal agitation is, when measured 
on the same scale, only about 1/30 of a volt, it will be seen 
that there is little likelihood of the ionisation being due to 
thermal agitation. 

On this view of electrolytic dissociation the ions in the solu- 
tion are not simple atoms or radicles, but combinations of these 
with polar molecules. These molecules not only dissociate the 
original molecule, but after dissociation they tend to keep the ions 
apart. They surround the charge on the central atom with an 
oppositely charged layer and thus diminish its attraction on other 
systems. Thus, for example, in an aqueous solution of CaCl, the 
positively electrified part of the calcium atom would have next to 
it the negative ends of polar water molecules, and the attraction 
between it and an oppositely charged chlorine atom would be 
diminished. The researches of Mr. Washburn furnish direct 
experimental evidence of the hydration of ions. 


™ Technology Quarterly, 21, p. 288 (1908). 


CHAPTER IV. 


THE MECHANISM OF CHEMICAL COMBINATION. 


Let us in the first place consider chemical combinations 
between gases. That something more than collisions between the 
molecules of the reacting gases is required is clear, from the 
fact that gases like hydrogen and oxygen, hydrogen and chlorine 
(in the dark), which can form very stable compounds, can be 
mixed without any appreciable amount of chemical combination 
taking place at moderate temperatures. The test is a very severe 
one since at atmospheric pressure each molecule of oxygen in a 
mixture of hydrogen and oxygen would in one second collide with 
many million hydrogen molecules, so that even if only one collision 
in a million were to result in combination the rate of combination 
would be very great. A mixture of hydrogen and oxygen in the 
proportion of two molecules of hydrogen to one of oxygen can be 
stable, (@) when the gases are uncombined, and (b) when they 
are combined and the mixture exists as water vapour. ‘The large 
evolution of heat observed in the transit from (a) to (b) shows 
that (b) has much less potential energy than (a). The fact that 
the gases can exist side by side without combination shows that 
the phase of high potential energy does not spontaneously pass to 
one of lower. We have many examples of this in ordinary 
mechanics. Thus the water in a mountain lake has more potential 
energy than it would have if it ran down into the valley, it does 
not do so because before it could get away work would have to be 
supplied to raise it above the level of the height immediately sur- 
rounding it. If a syphon is put into the lake this work is 
forthcoming and the water will run out. To enable a system to 
pass to a state of smaller potential energy may require the expen- 
diture of a certain amount of energy and if this is not forthcom- 
ing the change will not take place. Thus, if a preliminary to the 
combination of hydrogen and oxygen were the dissociation of the 
molecules of these gases into atoms, the gases would not combine 
unless the very considerable amount of energy required for this 
initial stage were available. Now in the mixture of two pure 
gases the energy available is that due to the thermal agitation 
of the molecule; this at 0° C. is only about 1/30 of a volt per 
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molecule, and is small compared with the changes 1n energy occur- 
ring in chemical processes which on the same scale would be 
represented by several volts. Thus we might expect that unless 
some source of energy besides that due to thermal agitation were 
available, the combination would not take place. In the case we 
have just been considering, that of the dissociation of electrolytes 
in solution, the main part of the energy required to separate the 
ions in the electrolyte came not from thermal agitation, but from 
that derived from the falling in of polar molecules, 1.e., from the 
energy of chemical separation of the polar molecule and the 
molecule of the electrolyte. 

The effect of water vapour, whose molecule is strongly polar, 
on the combination of gases is well known. Thus, H. B. Baker 
showed that very carefully dried HCl and NH, would not com- 
‘ bine, that the combination of H, and Cl, went on exceedingly 
slowly, even in strong sunlight, when the gases were carefully 
dried, while H. B. Dixon showed that electric sparks might be 
passed through a mixture of dry CO and O, without combination 
taking place. He also showed that other substances besides water 
vapour render possible the combination between CO and O, and 
it is probable that all polar molecules possess this property to a 
greater or less extent. Baker found that the effect of water 
vapour was not confined to combination. It extended also to dis- 
sociation, for while ordinary ammonium chloride is dissociated 
to a very considerable extent when the temperature is raised to 
three or four hundred degrees centigrade, no dissociation occurs 
at these temperatures if the salt is very carefully dried. 

When polar molecules, such as those of water or ammonia, are 
present, they may combine with the other molecules, forming 
aggregates in which, as in the case discussed in a previous lecture, 
there is a kind of incipient ionization, the atoms being more widely 
separated than in the normal molecule. The aggregate has a finite 
electrical moment and thus exerts much greater forces on neigh- 
bouring molecules than the normal molecule. Let us represent 
these aggregates by A(H,O)2», B(H,O)m when A and B represent 
molecules of the reacting gases. When two of these come together 
the work required to separate them may be so much greater than 
that required to separate AB that though A and B cannot by 
collision form a potent aggregate A(H,O)» and B(H.,O)m are 
able to do so. After the aggregate has been formed the atoms, 
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loosened by the action of the polar molecules, rearrange them- 
selves so as to produce the system with the minimum potential 
energy. If, as the result of this rearrangement, the water is set 
free, it will be available for producing a further supply of the 
complex molecules. Even if only a small percentage of the mole- 
cules are in the complex state the rate of combination might be 
considerable, as the number of collisions made by a molecule under 
ordinary circumstances is so large. Thus to take the combination 
of gaseous HCl and NH, to form NH,Cl as an example. If even 
only one molecule in a hundred thousand were in the complex 
state and if the combination only occurs when a complex molecule 
of HCl collides with a complex one of NHs, these collisions will 
still be so numerous that something like one per cent. of the HCl 
and NH, will combine per second. We see from this that to avoid 
appreciable combination the gases must be exceedingly dry, and 
that traces of water too small to be detected by other means might 
produce very marked effects on chemical combination. 

On this view of chemical combination the rearrangement of 
the atoms takes place inside a complex formed with the polar 
molecules, thus no ions need get free. There is very strong evi- 
dence against the necessity for the existence of free ions in gaseous 
combinations; free ions make a gas a conductor of electricity and 
the conductivity due to free ions can be detected when the number 
of free ions is much less than one-million-millionth of the number 
of molecules. Many cases of chemical combination have been 
tested for electrical conductivity without any trace of it being 
detected. Thus L. Bloch 8 showed that many chemical actions 
which go on at moderate temperatures, such as the oxidation of 
nitric oxide, the action of chlorine on arsenic, the oxidation of 
ether vapour and so on, have no effect on the electric conductivity 
of the gases. I found, too, that even when the combination was 
as vigorous as that between hydrogen and chlorine in the light, 
no effect whatever was produced on the electrical conductivity 
of the mixture. Again dissociation at moderate temperatures 
such as that of nickel carbonyl at about 100° C. into nickel and 
carbon monoxide, or in the dissociation of arseniuretted hydrogen, 
is quite without effect on the conductivity. This is in accordance 
with the consequences of the theory. 

There are, however, some cases in which free gaseous ions 


8 Annales de Chimie et de Physique, 22, pp. 370, 441; 23, p. 28. 
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are produced by dissociation or chemical action. Thus Kalendyk’® 
found that the vapour of potassium iodide was a conductor of 
electricity at temperatures above 300° C. if damp, but not when 
dry; this is a good example of the effect of water vapour. An- 
other case investigated by Bloch (loc. cit.) is the oxidation of 
P.O, to P,O;, which is also accompanied by an increase in elec- 
trical conductivity. 

The efficacy of polar molecules is on this view due to their 
large electrostatic moment, which causes them to be strongly 
attracted by other molecules. Any systems, such as free electrons 
or gaseous ions, which give rise to strong electric fields, might 
be expected to promote chemical combination by processes similar 
to those which occur with water molecules. 

Again, if the reacting gases were condensed on the surface 
of a piece of metal, or on the surface even of a non-metal or liquid, 
particularly if these substances were of special types, the mole- 
cules would find themselves in the presence of agents of the kind 
we are considering. At the surface of a metal there are mobile 
electrons, while the molecules at any surface can only be coordi- 
nately saturated in very exceptional cases. For when a new 
surface is produced by fracture some of the atoms which helped 
to ‘satisfy’ the molecules left behind have been torn away, so 
that the molecules on the surface must be unsaturated and able 
to bind other atoms or molecules. The energy derived by the 
approach of a molecule to the unsatisfied molecules at the surface 
of the solid or liquid may be used to separate the atoms in the 
approaching molecule, in just the same way as the energy due to 
the approach of a polar molecule helped to separate them. Thus 
the molecules of a gas condensed in a layer on a surface will 
be exposed to influences very similar in character to those to which 
they would be exposed when combined with water molecules, and 
we may expect to find that the connection between these atoms gets 
so loose that these are able to rearrange themselves and form 
new compounds. 

The layers condensed on a surface will in many respects be in 
a more favourable condition for entering into chemical combina- 
tion than the free molecules of the gas, even if these are supplied 
plentifully with water molecules. For the molecules in the surface 
layer will be crowded together and kept in close contact; they will 


” Proc. Roy. Soc., Ago, p. 638, 1914. 
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thus be in a situation particularly favourable for the rearrange- 
ment of their atoms. 

The effect of metal surfaces in promoting chemical combina- 
tion is shown by the combination of hydrogen and oxygen 
produced by platinum black, by the synthesis of ammonia in the 
Haber process, by the effect produced by metals when in the 
colloidal state, by the Sabatier-Senderens method, where many 
changes in organic compounds are produced by passing them along 
with hydrogen over finely divided nickel or certain other metals 
at a high temperature. Another instance is the effect produced by 
the walls of the vessel in which the reacting gases are contained; 
many examples of this are given by Van t’Hoff in his studies on 
chemical dynamics. 

It is possible that water in addition to the effect it produces 

by its individual molecules may produce an additional effect by 
forming small drops, which in the aggregate might have a very 
large surface, on which the gases might condense. 

We can get some very direct evidence as to the conditions 
at the surface of separation of gases, liquids and solids by the 
study of the very interesting cases of electrifications produced 
by the bubbling of gases through liquids, by the splashing of 
liquids against solid surfaces, and the motion under an electric 
field of bubbles of air, and colloidal particles through liquids. 
When gases bubble through certain liquids of which water is a 
conspicuous example, the gases after they emerge from the liquid 
are found to be electrified. The liquids which give rise to this 
electrification are those which possess considerable electrical 
moments, i.e., they are those which, as we have seen, have the 
property of forming complex compounds with compounds which 
are already electrically saturated. The amount, and even the sign 
of the electrification produced by bubbling, is very sensitive to 
small changes in the composition of the liquid. Thus air bubbling 
through pure water emerges with a negative charge, but if a small 
quantity of HCl or H.SO, be added to the water, the electrification 
of the air becomes positive. The electrification is dependent upon 
the breaking of the liquid film when the air bubble escapes from 
the fluid. No electrification is produced by blowing a current of 
air along a water surface or by stretching, without breaking, a 
liquid film. A similar dependence upon the composition of the 
liquid is shown by the motion through a fluid of small particles 
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or air bubbles under an electric field, a phenomenon which is some- 
times called cataphoresis. The addition‘of acids and salts, espe- 
cially if these contain elements of high valency, produces a great 
effect on the velocity with which the bubble moves through a 
liquid under a constant electric field. Cataphoresis is more amen- 
able to mathematical treatment than electrification by bubbling 
and the mathematical theory has been worked out by v. Helmholtz 
and Lamb on the supposition that there is a double layer of electric- 
ity, one laver being positive and the other negative, at the surface 
between the bubble and the liquid, and that one layer is attached to 
the liquid, the other to the bubble or colloidal particle. If wv is the 
velocity of a particle under an electric force X, 7 the coefficient 
of viscosity of the liquid, o the surface density of the electric 
charge on either layer, d the distance between the layers, then 
according to v. Helmholtz 

y= odX/n (29) 
so that the measurement of the velocity would at once give us the 
potential difference at the surface. Lamb has given very strong 
reasons for thinking that this relation is not sufficiently general 
and is based upon suppositions which are not likely to be valid 
when, as in this.case, we are dealing with distances which are of 
the order of atomic distances; he finds instead of (29) the equation 


v= o1X/n (30) 


where / is a length dependent on the liquid and on the nature 
of the particle. AsJis not known, we cannot claim that the use of 
the v. Helmholtz formula gives more than the order of the surface 
density, in some cases, however, where it has been possible 
to measure the potential difference between the particle and water, 
this has been in fair agreement with the value deduced by Helm- 
holtz’s equation. It will be noticed that according to either 
formula the velocity of the particle is independent of its size, 
provided od and ol are unaltered. This has been verified by several 
observers, among others by Burton ?° and McTaggart.21_ In 
water, air bubbles and some solid particles move as if the negative 
charge were on the particle, and it is remarkable that, in spite of 
great variations in the character of the particle, the changes in 


70“ Physical Properties of Colloids,’ 2nd Edition, p. 136. 
* Phil. Mag., 27, p. 207 (1014). 
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the potential difference are comparatively small. This is shown in 
the following table taken from Burton.?? The potential difference 
g has been calculated from the v. Helmholtz equation assuming 
e = 4n0d/K (31) 

where K is the specific inductive capacity of water. 
We see from this list that for many substances the difference 
of potential between the two layers is about 1/30 of a volt; this 


Potential Difference in Volts Deduced 


Substance. by Helmholtz’s Equation. 
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is very nearly the potential difference through which an electron 
must fall at room temperatures to acquire an amount of energy 
equal to that possessed by a molecule of gas from its thermal 
agitation. Thus a charged atom at the double layer would possess 
by thermal agitation an amount of energy comparable with that 
required to detach it from the double layer. We should expect 
that a limit to the potential difference between the two layers 
must be imposed by the necessity of one layer being able to move 
freely relatively to the other. If, for example, the double layer 
were formed by positively and negatively charged atoms in the 
same molecule it could not produce cataphoresis unless some 
source of energy sufficient to dissociate the positive from the 
negative parts were forthcoming. If this energy has to come 
from thermal agitation, the positive and negative parts must 
have been driven so far apart that the energy required to separate 
them is of the order of the mean kinetic energy of a molecule due 
to thermal agitation, which at 0° C. is about 1/30 of a volt. 
The energy required to detach a charge from the double layer is 
proportional to the potential difference between the layers. Thus 
the energy available from thermal agitation may be a most import- 


21 Physical Properties of Colloids,” p. 135. 
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ant factor in determining the value of the potential difference 
in the effective double layer. rig 


THE FORMATION OF THE DOUBLE LAYER. 


Polar molecules, such as those of water, have, as we have seen, 
the power of forming molecular compounds in which oppositely 
charged atoms are separated and put into a condition in which 
they can be easily detached from each other. These compounds 
are of two types. In the first, symbolized by such a case as [ Me- 
4H,O.(OH).]Hsz, the effect of the formation of the complex 
compound is to give a charge of negative electricity to the sub- 
stance with which the water is in contact and to put two positively 
charged atoms into a condition in which they can easily be 
detached from the substance. The formation of a compound of 
this type would produce a double layer with the positive part in the 
water and the negative on the substance. This is the type of 
double layer formed at the surface of colloidal particles of plati- 
num, gold, silver, quartz or air bubbles. The other type of 
complex compound is that symbolized by [Ca.4H,O]Cly, here 
the water molecules drive out the negative constituent from the 
original compound and give to the system surrounding the central 
atom a positive charge. If a substance of this kind were formed 
there would again be a double layer, but in this case the negative 
part of it would be in the water, the positive on the substance 
in contact with the water. This is the type of double layer formed 
at the surface of colloidal particles of ferric hydroxide. 

The case of a gas bubble in water is an interesting one in 
which the evidence on some points is somewhat conflicting. 
McTaggart found that the velocity of bubbles of hydrogen was the 
same as that of oxygen bubbles indicating that the potential differ- 
ence was independent of the nature of the gas, and that the gas did 
not take part in any chemical reaction. Alty, who has recently 
been making experiments on this point in the Cavendish Labora- 
tory, finds that considerable variation in the velocity of the bubbles 
is produced in some cases by changing the gas. The view that 
oxygen may take part in chemical reactions with water is sup- 
ported by the observation frequently recorded but first made, 
I think, by Bellucci,?* that the air in the neighbourhood of water- 
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falls, where there is a great deal of splashing, contains abnor- 
mally large quantities of ozone. Under the action of the water 
molecules ozone may be formed and negatively electrified ozone 
form the coating in the gas of the double layer. 

We should expect that there would be a double layer at a 
surface separating water from its own vapour. Mardy and 
Langmuir have pointed out that the molecules at a liquid water 
surface are polarized, 1.e., the number of molecules which have 
their positive ends at the top is not the same as the number with 
the negative end. Thus, suppose the majority of molecules had 
the negative ends, 1.e., the oxygen atom, at the top, the oxygen 
atoms are not coordinately saturated and may combine with the 
molecules of water vapour to form compounds of the type 
[O.Hz](OH)«: This would give rise to a double layer with 
‘ the positive half in the water, the negative one in the bubble. 
Experiments are in progress at the Cavendish Laboratory to see 
whether any evidence can be obtained of a double layer when water 
is in contact with nothing but water vapour. 

The formation of the double layer gives a supply of positive 
and negative ions at the surface of an air bubble in water. Just 
before the bubble emerges from the water this surface has a 
considerable area. It is reduced to very small dimensions after 
the bubble emerges. Thus the emergence of the bubble involves a 
considerable and very abrupt contraction of the surface and of the 
double layer associated with it. The double layer will be violently 
distorted and it does not seem surprising that some of the ions 
in the layer on one side should not have time to combine with those 
on the other before they are carried away by the air. Only a 
very small fraction of the ions in the double layer get liberated 
when air bubbles through water. Assuming v. Helmholtz’s for- 
mula, we can calculate from the velocity of the bubble the quantity 
of electricity per unit area of each layer. Assuming that the dis- 
tance between the layers is 108 cm., McTaggart (Joc. cit.) found 
that this density was 4 x 10° coulombs per square centimetre. 
If all the water molecules had been polarized, 1.e., 1f all the OH 
ions of the water molecules were next the surface and if the dis- 
tance between two molecules of water on the surface were the 
same as that in the interior, 7.e., 3.09 x 10° cm., the density would 
be about 1.7 x 10 coulombs per square centimetre, about four 
times greater. On one layer of a bubble 7.8 mm. in diameter the 
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charge on either layer would be 7.6 x 10°° coulombs. Simpson * 
found that when a drop of this size struck against a plate the 
amount of electricity set free was 2.8 x 101" coulombs, 1.e., only 
about one thirty-millionth of the charge on the layer. We conclude 
from this that only an exceedingly small fraction of the water 
molecule at the surface of an air bubble or drop of water is ionised 
by the bursting of the bubble or the splashing of the drop. 

When air bubbles through water some ions become free, 
there are other types of experiments when, though there is a 
separation of positive and negative electrification, few if any ions 
get free. The Armstrong hydro-electric machine is a case in 
point. Here small drops of water are carried by a jet of steam 
through a tube with great velocity. In their passage through the 
tube the drops strike against the sides and the tube becomes 
negatively, the drops positively, electrified. Here the separation 
of the positive and negative electrification is the principal effect 
and not the liberation of free ions. We have supposed that at the 
surface of a drop of water there is a double layer, the negative 
part, OH ions, in the air and the positive part, H ions, in the 
water. When the drop strikes against the tube the OH ions 
combine with the material of the wall of the tube forming those 
molecular compounds we have been considering in this chapter. 
When the drop rebounds from the wall of the tube it will tend 
to take the H, ions away with it, while the walls of the tube will 
hold the OH_ions. The ions will be separated by the kinetic 
energy of the drops. The ions will not, however, get free; the 
positive ones will be on the water drops and the negative ones 
on the walls of the tube. This is a particular case of electrification 
by friction, and it is evident that the formation of double layers 
must be of vital importance in that phenomenon 


ACTIVE MOLECULES. 


We have considered the way in which chemical combination 
may be promoted by polar molecules and by active surfaces, 
the energy necessary for the preliminary separation of the 
atoms in the reacting molecules before their final readjustment 
to form the molecules of the new compound coming from the 
potential energy of separation of the polar molecules and of the 
reacting molécules before combination. We have seen that the 
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kinetic energy of thermal agitation is inadequate for this purpose. 
Though the influence of polar molecules on chemical combination 
is undoubtedly very great, the evidence does not, I think, warrant 
the conclusion that all chemical combinations are dependent upon 
their agency. The combustion of carbon bisulphide, of cyanogen 
and of certain hydrocarbons in oxygen appear to be unaffected by 
the presence of traces of moisture.2> The question arises, what 
is the mechanism by which the combination can be brought about, 
when the energy arising from polar molecules is not available 

and when that due to inane agitation is too small to split 
the molecules of the reacting gases into atoms? The electron 


FIG. 35. 
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theory indicates a way in which certain molecules could be put 
into a chemicaily active state without separation into atoms by 
an expenditure of energy much less than would be required for 
that purpose. Consider, for example, a molecule of oxygen, its 
neutrality is attained by the arrangement of its electrons into two 
octets, to obtain these two the utmost economy in construction 
must be observed and the octets have to have four electrons in 
common. Let the electrons in the molecule be displaced so that 
the cells surrounding the atoms have no longer four electrons in 
common, suppose, for example, that they have only two in com- 
mon, then since there are only twelve electrons available there 
can only be seven electrons in each cell, and each atom will be 
surrounded by only seven electrons instead of by eight. Now the 
cell of seven electrons is not saturated and will be chemically 
active, though it will not be so unsaturated as the free oxygen 
atom which is only surrounded by six electrons. To move the 
electrons so as to change the arrangement of electrons from that 
corresponding to the inactive state represented by Fig. 35 to that 
of the active state represented by Fig. 36 would require far less 
energy than to separate the atoms, so that the necessary amount 
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may be derivable from thermal agitation at temperatures far below 
that required to separate the atoms. 

I think this conception of the active molecule has an important 
bearing on the combination of explosive mixtures such as those of 
oxygen and hydrogen; these gases explode at temperatures as low 
as 600° C. where the energy of thermal agitation is quite insuff- 
cient to split the oxygen molecules up into atoms. Indeed, direct 
experiments on the relation between temperature and pressure 
have shown that there is no appreciable dissociation of the mole- 
cules of oxygen at 1700° C. If, however, the work required to 
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make the molecule active in the manner described was that corre- 
sponding to thermal agitation at a lower temperature, say 600° C., 
then if in any region of a mixture of the explosive gases the tem- 
perature reaches this value, the oxygen molecules will become 
active and combine with the hydrogen, the heat developed by the 
combination will raise the temperature still further and the hot 
molecules will travel out with energy sufficient to make the mole- 
cules of oxygen against which they strike active. This will lead 
to further combination and a further development of heat and 
combination will spread throughout the mixture. 

As there is no dissociation of the molecules into atoms, the 
process of making the oxygen molecules active will not change 
the pressure in pure oxygen. 

There is direct experimental proof that the molecule of oxygen 
can be put into the active state. For when we use the method of 
positive rays we find that oxygen is one of the few molecules, as 
distinct from. atoms, that can occur with a negative charge. If 
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the oxygen molecule could only occur with its electrons arranged 
as Fig. 35, it could not receive a negative charge, because there 
is no room for an electron in the octets. It could, however, 
receive such a charge if the electrons were arranged as in Fig. 36 
because there is room for an electron on each of the septets. 

The fact that a particular atom or molecule can be negatively 
charged, shows that it can be in stable equilibrium after receiving 
an additional electron, so that in the neutral state it must be 
unsaturated and chemically active. 

The arguments we have used about the oxygen molecule will 
apply to any arrangement of electrons where there are two octets 


FIG. 37. 


with four electrons in common. This arrangement occurs when 
we have two atoms connected by a double bond—it occurs, for 
example, in carbon compounds whenever there is a double bond 


between two carbon atoms, C=C, it also occurs in the combina- 
tion C=O, though not in C— O-H. 


THIELES’ THEORY OF PARTIAL VALENCIES. 


This conception of the active molecule leads in many cases to 
the same results as Thieles’ theory of partial valencies. Thus to 
take the case which led to the theory. It was found that a com- 
pound where the carbon atoms are arranged according to the 


x Vo 
scheme C = C— C=C, where two double bonds are separated by a 


single one, when it ave additions compound does so by adding 
the new atoms to the carbons at the ends of the chain. On our 
view the distribution of the electrons in the compound is repre- 
sented in Fig. 37. 

There are four octets, I, 2, 3, 4; 1 and 2 and also 3 and 4 have 
four electrons in common, 2 and 3 only two. Suppose all the 
carbon atoms get put into the active condition. The octets with 
four electrons in common will become septets with two electrons 
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in common and the system will be a chain of four septets (Fig. 
38), where the septets are represented by triangles, each hav- 
ing two electrons in common with its nearest neighbour. To 
make this change in which all the carbon atoms have been made 
active requires the expenditure of a certain amount of energy; 
an expenditure of a smaller amount will be sufficient to make a 


Fic. 38. 


part of them active. To find the change which will require the 
least energy, we notice that if any adjacent pair of septets were 
to revert to a system with four electrons in common, the new 
system would have less potential energy than that shown in 
Fig. 38, and would require less energy to be expended to derive 
it from the original system. 

The work required for this change would be the work required 


FIG. 39. 


to convert the system (Fig. 37) into the system (Fig. 38), minus 
the loss of potential energy when an adjacent pair of septets 
reverts to two octets with four electrons in common. Thus the 
system which will require the minimum work will be the one when 
the pair which reverts is that for which the loss of potential 
energy on reversion to octets is greatest. This pair will be the one 
which is most symmetrically placed, 1.e., the central pair. Thus 
the active configuration which requires the least expenditure of 
work is that,represented in Fig. 39, where the end cells are septets 
and active. As these cells are active, additions will take place at 
them, and the central carbons will be connected by a double bond. 
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KETO-ENOL CHANGE. 

The same reasoning will apply where the double bond is 
between a carbon and an oxygen atom. Thus in the compound 
O-=C-—C-H, the distribution of electrons is that represented 


| A 
in Fig. 40, 1f the two octets with four electrons in common are 
made active, the active oxygen units with the neighbouring atom 
of H, the hydrogen coming away from C, with its electron; this 
completes the octet round O, leaving septets round C, and C, 
with two electrons in common; these revert to the more stable 


FIG. 40. 


arrangement of the same number of electrons, vi1z., two octets with 
four electrons in common, and we have thus the compound 

OH-C=C 

ees 

this is known as the keto-enol change. It only takes place when 
one of the atoms attached to C, is that of an electronegative ele- 
ment; the reason for this follows from the same considerations as 
those previously given (p. 61) to explain the effect of introducing 
electronegative groups into hydrocarbons. 

The same principles will apply to a smaller extent when two 
octets have only two electrons in common, for if the electrons 
were displaced so that the cells had only one electron in common, 
one of the atoms would become active and could enter into chemi- 
cal combination. Thus, if the electrons in a chlorine molecule get 
displaced so that the cells have only one electron in common instead 
of two, one of the cells will become active and can combine with 
hydrogen. The energy required to displace the electrons need not 
come from the energy of thermal agitation, it might come from 
light if that were absorbed by the molecules. 


Ne) 
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PRODUCTION OF LIGHT BY CHEMICAL CHANGE. 

Many chemical reactions involve an increase or a decrease 
in the number of electrons grouped round some of the atoms; thus, 
for example, if an atom of hydrogen combines with one of 
chlorine to form HCl, after combination the chlorine atom is 
surrounded by eight electrons, whereas before it was surrounded 
by only seven, thus the reaction has resulted in an electron falling 
into the layer round the chlorine atom; this atom may be regarded 
as coming from the hydrogen atom. On the other hand, when 
HCI dissociates into H and Cl the chlorine ion loses an electron, 
while the hydrogen ion gains one. We shall use the term oxi- 
dation for the process by which the atom of an electronegative 
element gains an electron and becomes negatively charged since 
ordinary oxidation is a process of this kind, and reduction for the 
process by which a positively electrified ion of an electropositive 
element receives an electron and becomes neutral. 

Thus, in oxidations an electron falls into the zone round 
the atom of an electronegative element; in reductions an electron 
falls into the zone round the atom of an electropositive one. From 
the study of the luminous effects in the discharge of electricity 
through gases we are led to the conclusion that the capture of 
an electron by an atom results in the emission of light, and from 
the quantum theory it would follow that the frequency of the 
light would be proportional to the potential energy lost when 
the electron falls into the atom, or what is equivalent, to the work 
required to remove an electron from the negatively electrified 
constituent of the compound in the case of oxidation or from the 
neutral atom in that of reduction. Thus we should expect that 
both oxidation and reduction would be accompanied by the emis- 
sion of light; it may be that the rate at which the chemical 
processes go on is so slow that the energy in the light is not 
sufficient to make it apparent, or again, that the wave-length 
of the light is not within the range of the visible spectrum. The 
production of light by chemical action is a well-known phenom- 
enon. In addition to the conspicuous cases of flames where the 
temperature is high, there are many examples of luminosity occur- 
ring at moderate temperatures; the luminosity of phosphorus when 
oxygen passes over it is one example; then there is the luminosity 
of sulphur when heated to about 300° C. in the presence of 
oxygen, the light given out by the glowworm and by the animal- 
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cule which cause the phosphorescence of the sea. Linneman 
found that fresh surfaces of sodium or potassium are luminous 
in the dark until they get covered by a coat of oxide. This pro- 
duction of light is, I think, the cause of the emission of electrons 
in the dark from the alloy of sodium and potassium when exposed 
to various gases which I observed many years ago and which 
has been investigated very fully by Haber. If chemical action 
went on between the gases and the NaK alloy, light would be given 
out, and as the alloy is very photoelectric, electrons would be given: 
out by the surface of the alloy. The seat of the light is at the sur- 
face of the alloy so that, although the light might not be intense 
enough to be visible at molar distances, yet at the atomic distances 
which separate its source from the alloy its intensity might be suff- 
cient to produce very considerable effects. Again, since in oxida- 
tions the origin of the light is in the electronegative elements, we 
should not expect to find in light due to oxidation the spectrum of 
the electropositive element. It has long been considered remarkable 
that the spectrum of hydrogen is not visible in flames or in light 
produced by chemical means, though it is so easily produced by 
the electric discharge. This is just what we should expect if 
the chemical reactions were of the type of oxidations; to have 
a chance of getting the hydrogen spectrum the process should 
be a reduction. Thus, for example, in the partial dissociation 
of hydriodic acid, when there is equilibrium between the formation 
of HI and its dissociation into H and I, the combination would 
give rise to the spectrum of HI with the iodine as the source 
of light, the dissociation might give the hydrogen spectrum. It is 
to be noted that the spectrum of a molecule may vary with the atom 
in that molecule which is excited. Thus to take as an example 
COCI,, the spectrum emitted due to the fall of an electron into the 
oxygen atom would not be the same as that due to the fall of one 
into the chlorine atom. We have in considering the type of light 
emitted to consider not merely the atom into which the electron 
falls, but also the method in which it falls. Thus take a case 
in which we have very vigorous reduction going on, that of the 
liberation of hydrogen from the cathode when strong currents 
pass through acidulated water, since the hydrogen atoms which 
come off are neutral, the hydrogen ions which were positively 
electrified must each have received an electron and so might be 
expected to have given out light. I am not aware, however, that 
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anyone has observed any luminosity in the neighbourhood of the 
cathode during the electrolysis of acidulated water. Nor need 
we, I think, expect it; we have already seen reasons for thinking 
that hydrogen ions in water have attached to them a number of 
water molecules, the negative ends of these molecules being 
turned towards the hydrogen itn. The effect of these negative 
charges is to diminish very materially the attraction of the hydro- 
gen ion on the negative electron, so that when the electron 
falls into the ion it will do so with very much less energy than it 
would in the absence of the water molecules; as the energy is so 
much less, the intensity of the light and also its frequency will 
be greatly diminished, so that not only will the light be feeble, but 
also probably far away, on the red side of the visible spectrum. 


ON HOMOLOGOUS ELEMENTS AND VARIABLE VALENCY. 


Homologous Elements.—The valency of an element depends 
according to these views on the number of electrons in the outer 
layer rather than upon the total number of electrons in the atom. 
We have supposed that the electrons in the atom are arranged 
in a finite number of layers, the members of each layer being 
approximately at the same distance from the centre of the atom. 
As we pass from the atom of one element to that of the element 
next in order of atomic weight, we have to provide for the 
accommodation of one more electron in the atom. If the addi- 
tional electron joins those in the outer layer it will give rise to an 
atom of an element of different valency and with very pronounced 
difference in chemical properties. If, however, the electron finds 
accommodation in one of the layers below the surface, the element 
corresponding to this atom will have the same valency as the first 
and will resemble it in chemical properties more or less closely 
according as the layer on which the new electron settles is near to 
or far from the centre of the atom. Thus we might have a grad- 
uated series of elements differing in atomic weight; the properties 
of some—those with the additional electrons in the layers close to 
the centre differing so little from those of some element of 
smaller atomic weight in the series that the two might with pro- 
priety be regarded as isotopes. The difference in properties will 
increase though the valency remains unaltered, as the electrons 
find a place in lavers nearer the surface until finally we come to 
the element where the additional electron has got to the outer 
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layer ; here there is a change in the valency and a marked alteration 
in the chemical properties. We are thus led to expect the 
existence of groups of elements possessing very similar proper- 
ties; 1n some cases the chemical properties might be so similar 
that the elements would not be separable by chemical means and 
would be classed as isotopes; in others the differences would be 
large enough to enable the elements to be isolated by chemical 
processes. Examples of such groups are the iron, nickel and 
cobalt group, the ruthenium, rhodium and palladium group, the 
large group of the rare earths and the iridium platinum group. 
Inside these groups, increase in atomic weight is not accompanied 
by change of valency; outside them, it is. 

In considering the way in which a definite number of electrons 
will arrange themselves round a central charge, there are two 
- influences of predominating importance: The first of these is the 
tendency of the electrons to get as close to the central charge as is 
consistent with the stability of the layer, 7.e., to have as many 
electrons in the innermost layer as the central charge can hold in 
stable equilibrium, and then as many in the second layer as the 
central charge when surrounded by the first layer can hold in 
stable equilibrium, and so on. This disposition will make the 
potential energy due to the forces between the positive nucleus 
and the electrons as small as possible. The potential energy due 
to the forces between the electrons has next to be considered. This 
will diminish as the distances between the electrons increase and 
will tend to make the electrons in the various layers arrange 
themselves so that their figures are similar, or at any rate have «he 
same kind of symmetry about the centre. This latter tendency 
would, if it prevailed, cause a new electron if added to an atom 
already containing a number of electrons either to go to the outer 
layer, or if that were full, to make the beginning of a new outer 
layer. The tendency to get as close as possible to the centre 
would, on the whole, make for the retention of the electron by 
one of the inner layers. 

We should expect that we could not go on increasing the num- 
ber of electrons without reaching a stage where a new electron 
would stay in the inner layers. If so, its influence on the chemical 
properties would be very slight and the new element would be very 
similar to the old. The addition of an electron to one of the 
inner layers would alter the nature of its symmetry round the 
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centre and make it different from that of the other layers; as the 
different layers like to have the same kind of symmetry, when 
one layer has got a new electron the others will try to get one, too, 
so that when once the absorption of electrons by the inner layers 
has begun it will continue as the next few electrons are added to 
the atom. When each layer has received an electron, we may 
expect the next electron to come to the surface, giving rise to an 
element whose properties are markedly different from those of 
the elements which just preceded it. Thus the homologous ele- 
ments might be expected to occur in groups and inasmuch as in the 
elements inside the group, some of the layers have one kind of 
symmetry and others a different one, the distribution of electrons 
inside the atom of elements in a homologous group is irregular 
and does not possess the uniformity or regularity possessed by 
elements outside the group where the electrons in the inner 
layers have adjusted themselves so as to produce a high degree 
of symmetry. 

Varying Valency—We have been considering cases where 
different elements have very similar chemical properties, although 
they contain different numbers of electrons, where, in fact, we 
have variations in the number of electrons in the atom without 
much alteration in the chemical properties. The question naturally 
arises whether we might not have also variation in the chemical 
properties without alteration in the number of electrons, and 
whether the existence of some elements which have more than one 
kind of valency is not a case in point. Ferrous and ferric iron 
have different properties, so have cuprous and cupric copper. As 
the elements can pass backwards and forwards between the -ous 
and the -ic states, if these states correspond to two different con- 
figurations of the same number of electrons, these configurations 
must be such that by suitable chemical or physical processes they 
can pass from one form to the other. We have already seen that 
there are frequently more ways than one of arranging in stable 
equilibrium a given number of electrons round a central positive 
core. If these arrangements are to explain the difference between 
the -ous and -ic states of the elements, they must differ in the 
arrangement of the outer layer (a) because unless they did so 
there would not be sufficient difference in the chemical properties 
in the two states, and (b) because if the difference was only in the 
inner layers we could not affect these sufficiently by ordinary 
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chemical operations to cause one configuration to pass into 
the other. 

We should expect, I think, to find forms of the same kind 
of atom differing in their outer layers in those elements which 
are either in a group of homologous elements or in their immediate 
neighbourhood. For in the atoms of such elements an electron 
hesitates, as it were, whether to go to the surface or to stay in one 
of the inner layers, 1.¢., it hesitates between two different configu- 
rations. It is reasonable to suppose that by suitable influences at 
the surface the electron might be induced to take one course or 
the other and thus confer one valency or another on the atom of 
which it 1s an occupant. Now it is remarkable that many of the 
elements which are most conspicuous for the variability of their 
valency are either in the homologous groups or in their 
immediate neighbourhood. Take, for example, chromium and 
manganese, which are the next neighbours of the iron groups, 
each of these shows great variations in valency in its different 
compounds, then molybdenum, the next neighbour to the ruthe- 
nium, rhodium and palladium group forms the series of chlorides 
MoCl,, MoCl,, MoCl,, and MoCl,; again tungsten, the next 
neighbour to the platinum and iridium group, forms the four 
chlorides WCl,, WCl,, WCl; and WCl,, and nearly, if not quite, 
all of the elements in the homologous groups themselves form 
more than one series of salts. The electrons in the outer layers 
of elements of this type seem to be in a peculiarly sensitive con- 
dition and can move from one layer to another without much 
expenditure of energy. 

The number of electrons which can be held in stable equilib- 
rium in a single layer by a positive charge increases with the 
charge. Thus, though an inner layer of eight might be as many 
as the positive charge possessed by the lighter elements could 
stabilize, yet the heavier elements with their large positive charges 
might be able to stabilize more than this number. We should thus 
expect that at some stage in the list of elements the number of 
electrons in the inner layers would increase, that while when we 
pass from one element to the next and the number of electrons in 
the atom increases the additional electron stays in the inner layer 
instead of going to the one on the outside of the atom. When 
this process begins the change from atom to atom will not be the 
addition of an electron to the outer layer, but a reorganization 
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of the distribution of electrons in the interior of the atom. The 
properties of the elements indicate that‘this process begins soon 
after passing calcium. To illustrate the point, I will take 
the series of elements beginning with titanium and consider 
the arrangement of electrons in it and the neighbouring elements. 
I do not lay any stress on the actual numbers of electrons assigned 
to the inner layers; the determination of these would require 
much further investigation, both theoretical and experimental. 

Titanium.—The distribution of electrons, if it followed the 
same course as in the lighter elements, would be represented by 
2, 8, 8, 4, the figures representing the number of electrons in 
the different layers starting from the inside; the four electrons 
in the outer layer would make the element quadrivalent. The 
existence of the tetrachloride TiCl, shows that this distribution 
is one which occurs in nature. In addition to the tetrachloride 
there are the chlorides TiCl,, TiCl,, showing that forms of the 
titanium atom exist in which there are respectively one and two 
more electrons in the inside than in quadrivalent titanium, the 
distribution of electrons in the tautomeric forms may be repre- 
sented’ by 2,:0, 8, 3, and 2, 10,8, 2) respectively: 

Vanadium.—tlf the electrons had followed the normal course, 
the arrangement of the electrons would be represented by 2, 8, 8, 5, 
and the element would be pentavalent. Vanadium is said to form 
a pentafluoride VF;, so that this configuration would seem to 
exist. Vanadium forms chlorides VCl,, VCl,, VCIl,, in which 
the inner layers of the atom must contain respectively one, two 
and three electrons more than the preceding case; thus we have 
atoms in which the arrangements are 2, 9, 8, 4; 2, 10, 8, 3; 2, Io, 
Q, 2, respectively. 

Chromium.—lIf the electrons followed the normal course the 
arrangement would be 2, 8, 8, 6, and the element would be sexa- 
valent; the compound CrF, shows that this type exists. Chro- 
mium forms the chlorides CrCl,, CrCl., so that in addition there 
are atoms of ‘the type'2, 11, 6.32, 12,2622. respectively: 

Manganese.—The normal arrangement would be 2, 8, 8, 7. 
The fluoride MnF, shows that this type exists. There are in 
addition the fluorides MnF,, MnF;, MnF,, corresponding to 
atoms of the type 2,11,-8) 42,12) 6,352,112, 9,2) 

Iron, Nickel and Cobalt——From the similarity of these ele- 
ments we infer that the distribution of electrons only differs in the 
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inner layer, Their halogen compounds are all of the type FeCl, 
or FeCl,; suggesting the following distribution of electrons: 
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Copper—The halogen compounds are of the type CuCl, 


CuCl,, indicating atoms with one or two electrons, respectively, 
in the outer layer, corresponding to distribution of electrons repre- 
SCutcd Dye2ralA at?) 251A. 11.22 

The normal process by which, when we pass from one element 
to the next in order of atomic weight, the new electron goes to the 
outer layer seems to be resumed after passing copper, thus we have 
zinc with two electrons in the outer layers; gallium with three; 
germanium with four; arsenic with five; selenium with six; 
bromine with seven, and krypton with eight. 

Thus we see that as we proceed up the list of elements we 
may expect to meet with a batch of elements in whose atoms 
the electrons change from one tautomeric distribution to another 
with but little expenditure of energy. In this batch the ordinary 
progress of valency with atomic weight is interrupted, and the 
valencies are variable. On passing through the batch the regular 
sequence is resumed, the series goes on and ends with eight 
electrons on the outer layer, while the next series begins with one 
in that layer. 

Paramagnetism.—-One very conspicuous feature of the ele- 
ments from titanium to copper is that they are strongly paramag- 
netic. The quality of paramagnetism would on several theories 
depend on a want of symmetry in the arrangement of the elec- 
trons in the atom. This would be the case, for example, in 
Parson’s theory of the ring electron; it would also follow from 
the law connecting electrostatic and magnetic force which I sug- 
gested some time ago.”° 

If want of symmetry in the distribution of electrons is essen- 
tial for paramagnetism, we can understand why it is confined to 
elements such as those we are considering, where the arrangement 
of the electrons in the inside of the atom may change, not merely 
from element to element, but even in a particular element under 
different external conditions. Outside such a group of elements 
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the arrangement of the inner electrons does not change from 
element to element, it is very stable, and thus has probably a 
high degree of symmetry. It would, from this point of view, 
be interesting to test whether compounds of magnetic metals like 
CrF, and MnF,, in which the readjustment of the inner electrons 
has not taken place are magnetic. 

The researches of G. Wiedemann, Quincke, Townsend, Pascal, 
Weiss, Kamerlingh Onnes and others on the relation between 
magnetic properties and chemical composition have brought to 
light a great number of very striking phenomena, which are very 
diverse and in some cases anomalous, their very diversity, how- 
ever, renders them all the more suggestive. 

For salts in solution, and the same seems to be true for salts 
in the dry state, especially if these contain water of crystallization, 
the value of k, the coefficient of magnetization, 1.e., the quotient 
of the induced magnetization by the magnetic force, depends upon 
whether the metal is in the -ous or -ic state, but does not depend 
upon the acid radicle with which it is combined. Thus if a solu- 
tion contains a definite amount of ferric iron the value of k& will 
be determinate, it does not matter whether the dissolved salt is 
ferric chloride, ferric sulphate or ferric nitrate. The same is 
true for the ferrous salts; again the value of k depends only on 
the quantity of ferrous iron, but the value of k for the same 
weight of iron will depend upon whether the iron is in the 
ferrous or ferric state. Thus if W is the weight of iron in a 
cubic centimetre— 

10°k = 2660W — 7.7 for ferric salts. 
10°k = 2060W —7.7 for ferrous salts. 


In such salts as ferrocyanide of potassium where the iron 
appears on the negatively electrified part of the molecule, thus 


i (FeCN,), the compound is not paramagnetic at all, but slightly 
diamagnetic. The ferricyanide K,(FeCN,) is slightly paramag- 
netic, although the paramagnetism is very small in comparison 
with that of the ferrous or ferric salts. Similar results are shown 
by the magnetic metals Cr, Mn, Ni, Co. Copper itself is dia- 
magnetic as are also the cuprous salts; the cupric salts, however, 
are magnetic. The oxides and sulphides of the magnetic ele- 
ments show large variations in their magnetic properties, thus 
magnetite Fe,O,, which is regarded as a compound of FeO and 
Fe,O;, is much more magnetic than either of them, and a similar 
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statement is true for the corresponding sulphur compounds. 
Again variation in the temperature may produce great changes in 
the magnetic properties of an element, thus four types of iron, 
a, 8, 7, 0, have been detected by Osmond and other workers; 
these pass from one into the other when the temperature passes 
through definite stages, and each of these types of iron has charac- 
teristic magnetic properties. In discussing the meaning of these 
results we must remember that on the view that paramagnetic 
properties are due to the setting of magnets, or their equivalents, 
under the action of a magnetic force; the magnetization, unless 
the field is intense enough to produce saturation (a state of things 
which is not attained with solutions), will depend upon two quite 
distinct things: (a) The resultant of the moments of the mag- 
nets; (b) the restoring force which tends to keep the magnets in 
- the position of equilibrium. A substance may have a small coeffi- 
cient of magnetization either because it contains few magnets 
or because the restoring force is very great, so that a given exter- 
nal field produces but a small displacement of the magnets. Thus 
the difference between the coefficients of magnetization of ferrous 
and ferric iron may be due either to the difference of the magnetic 
moments of the magnets in the atom in the two states or to a differ- 
ence in the restoring force. If it is due to a difference in the 
magnetic moments the intensity of magnetization when the fer- 
rous iron is saturated will not be the same as when the ferric 
iron is saturated, whereas if it is due entirely to the difference 
in the restoring force the saturation magnetization will be the 
same in the two cases. We can distinguish between these effects 
by Weiss’ Theory of Magnetons as the number of magnetons is 
proportional to the magnetic moment. The result of the appli- 
cation of this theory is that the number of magnetons per atom of 
iron in ferrous sulphate is 27, in ferric it is 29. As the coefficient 
of magnetization differs more widely than these numbers, it fol- 
lows that the restoring forces must be different in the ferrous and 
ferric salts. In the iron in potassium ferricyanide Weiss finds 
that there are only ten magnetons. The difference between the 
number of magnetons in the trivalent and divalent condition is 
more pronounced in chromium and cobalt than it is for iron, thus 
for trivalent chromium the number of magnetons is 19, for 
divalent 25, in trivalent cobalt the number is 17, in divalent 
between 24 and 26; thus in both these metals the number of 
magnetons in the divalent condition is greater than in the 
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trivalent, whereas in iron the trivalent form is slightly richer in 
magnetons than the divalent. A very striking case of the variation 
of the number of magnetons with chemical composition is that 
of the oxides and sulphides of vanadium. Wedekind and Horst ** 
give the following values for k the coefficient of magne- 
tization and m the number of magnetons in various compounds 
of vanadium. 


k X 108 n 

VO 50.06 13.9 

V2Os 13.88 10.92 
VO, BoB 4.19 
V:2Os 0.86 2.99 
VS 722, 5.86 
V2Ss3 8.95 10.00 
V2Ss 12.55 11.90 
VOCI 27.16 13.18 
VN 4.13 3.92 


Thus the effect of oxygen is of the opposite character to that 
of sulphur, an increase in the oxygen content decreases, while an 
increase in sulphur content increases the number of magnetons. 

Let us now proceed to see how the magnetic properties of the 
salts of the magnetic metals are consistent with the follow- 
ing assumptions : 

1. That the paramagnetism of these substances arises from the 
atoms of the paramagnetic element. Fe. Cr. Mn. 

2. That the magnetic properties of these atoms arise from 
a want of symmetry in the distribution of the electrons in the 
inner layers. 

3. That the distribution of these electrons and therefore the 
symmetry of their arrangement can be affected by intense electric 
forces arising from atoms with their electrons in the neighbour- 
hood of the atom of the magnetic element, and that such forces 
may also affect the restoring force of the electrons in the atom, 1.e., 
the force with which the system of electrons resists any displace- 
ment from their position of equilibrium. 

We shall take in the first place the very large diminution in 
magnetic properties which takes place when the atom of the 
magnetic element is a constituent of a complex salt such as 
K,(FeCN,,) ferrocyanide of potassium. We may point out that 
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this diminution may take place when the magnetic element occurs 
in a complex with the positive charge and not merely when as in 
K,(FeCN,) ; the iron is a member of the negatively electrified 
group. Thus Feytis *8 has shown that the following cobalt salts 
are diamagnetic—(Co(NH3),)Cl,, (Co(NH,);Cl)Cl,, (Co- 
(NH, ),Cl,)Cl and (Co(NH,);H,O)Cl;; though in all of these 
the cobalt atom occurs in the positively electrified portion of the 
complex molecule. 

What is the condition of the atom of the metal in a complex 
salt? Let us take potassium ferrocyanide as an example, for 
similar considerations will apply to all the complex salts. In 
potassium ferrocyanide the iron atom has lost two electrons and 
is surrounded by 6CN radicles, all of which are negatively electri- 
fied. Considerations of symmetry suggest that these negatively 
~ electrified radicles are at the corners of an octahedron and the iron 
atom at the centre. The cyanogen radicles are, using Werner’s 
notation, in the first zone with the atom of iron and are much 
more closely attached to it than are the atoms of potassium which 
are in the outer zone. Thus by the close proximity of the nega- 
tively charged cyanogens, the atom of iron is exposed to an 
intense and very symmetrical field of force, and this would (1) 
give rise to a very strong restoring force; this, if there were no 
change in the magnetic moments, would until saturation is 
approached reduce the magnetization. (2) From its sym- 
metry this field tends to make the arrangement of the electrons 
inside the iron atom more symmetrical and thus reduces the 
magnetic moment. Both effects occur, the magnetization at 
ordinary temperature is reduced so much that it is not able 
to overcome the diamagnetism which iron, like all systems 
containing electrons, possesses; the number of magnetons is, 
according to Weiss, reduced to ten, which is only about one- 
third of the number in an atom of ferric ion. Let us now 
consider simple salts either in solution or which contain water 
of crystallization. Since these are electrolytes, the negative 
constituents of the molecule, such as Cl, SO,, NO, will not be in 
the inner zone with the iron or other magnetic molecule, but 
in the outer zone. Thus these negative constituents will exert 
but little influence on the iron atom, and thus its state and magnetic 
properties will be but little affected by the change of SO, for Cl, 
and so on. The molecules in the zone nearest to the iron atoms 
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are water molecules; these are probably arranged symmetrically 
around the iron atom and it is also probable that there are six 
molecules of water in the inner zone. We may picture the atom 
of iron as at the centre of an octahedron with the water molecules 
at its corners. As far as the geometrical arrangements are con- 
cerned, they are very similar to those of the ferrocyanide with 
water molecules in placé of negatively charged cyanogen radicles. 
As the water molecules are as a whole uncharged, while the cyan- 
ogen ones are negatively charged, we should have expected the 
field of force to be much stronger with the cyanogen atoms than 
with the water molecules, so that in the simple salt both the restor- 
ing force and the tendency to make the distribution of electrons 
symmetrical would be less than in the complex salt. Thus both 
the magnetization and the number of magnetons would be larger 
for the simple salt than for the complex one. In the salt where 
iron is trivalent, the iron atom will have lost three electrons; 
while in the divalent ones, it will only have lost two. Thus there 
is a difference in the number of electrons in the atoms; this might 
of itself be supposed to affect the magnetization. In addition to 
this, since the charge on the trivalent atom of iron is greater than 
that on the divalent, its attraction on the water molecules will 
be greater, these will be drawn closer into the atom and will 
be more favourably situated for influencing the arrangement of 
the electrons in the atom of iron. 

In the case of the oxides the conditions are more complicated, 
we should expect as a general result that in these compounds 
the closer the connection between the iron and the atoms with 
which it was combined the lower would be the magnetization and 
that anything which tended to loosen these bonds would increase 
the magnetization. A loosening of these bonds would, however, 
increase the chemical activity of the iron by rendering it easier for 
it to enter into other combinations, thus we should expect to find 
correlation between chemical activity and magnetization, a con- 
nection which is brought to light very clearly by the experiments 
of Pascal. From this point of view we can understand a remark- 
able result obtained long ago by G. Wiedemann, viz., that the 
magnetic qualities of Fe,O, were increased by mixing with it 
Al,O, ; the substances are isomorphous and may combine and form 
a compound in which the iron is not so firmly bound to other 
atoms as in Fe,Os. 
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. OXYGEN. 

The most fascinating of all magnetic bodies is to my mind 
oxygen. Here we have one of the simplest of atoms; its atom 
contains only eight electrons, it is a gas, and therefore in the sim- 
plest of all physical states, and yet it alone of all gases is para- 
magnetic and quite strongly so. Another remarkable thing about 
it is that innumerable as are the compounds of oxygen there is 
only one, NO, into which oxygen carries its magnetic properties. 
This would seem to suggest that the magnetic quality does not 
arise from some quality intrinsic to the atom, but from some 
speciality in the arrangement of the colligating electrons in those 
molecules where it exhibits its magnetic character. The oxygen 
molecule itself is the most conspicuous example; the arrangement 
of the electrons may be represented symbolically as two cubes 
having a face in common, this face being at right angles to 
the line joining the atoms. If the system were rotating about 
this line there would be an odd number of square faces in 
rotation. A rotating square with its electrons would act like 
a current and thus behave like a magneton. Now suppose 
that the rotation of electrons must be such that adjacent 
squares rotate in opposite directions, and it is evident that 
if we start one from rest in one direction, the adjacent one will 
start in the opposite direction. Suppose then that the electrons 
in the planes of the squares were rotating so that the rotation 
in one plane is opposite to that in the adjacent plane, then two of 
these planes will be rotating in one direction and the third in the 
opposite, the resulting magnetic effect will be the same as if only 
one plane rotated, and this will produce a magnet of finite moment. 

It might be thought that if this arrangement of electrons were 
all that is required to produce paramagnetism, a considerable num- 
ber of gases would be paramagnetic, whereas so far as is known 
only two possess this property. The consideration of the arrange- 
ment of the electrons in gaseous compounds shows, however, that 
the configuration of O, is almost unique in this respect. Consider 
the arrangement of electrons in some compounds of oxygen, e¢.g., 
in water where it is in combination with two monovalent atoms, 
the electrons are arranged in an octet which has two sets of four 
electrons in parallel planes, if adjacent sets rotate in opposite 
directions, the total magnetic effect will be zero. The same is 
true for a compound like CaO, or for one like CO,, where there 
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are four such sets. We see that whenever the oxygen atom occurs, 
as it always does in valency compounds, with two additional 
electrons forming an octet, the effect of one face of the octet will 
always balance that of the other. In a neutral atom of oxygen 
the electrons would be arranged at the corners of an octahedron ; 
if this were to rotate about one of its axes, the four electrons at 
right angles to the axis would form an unbalanced system and this 
would have magnetic properties. The magnetic properties of NO, 
if we take the arrangement of the electrons to be as that given 
in the first lecture, would arise from the rotation of the three 
electrons inside the octet, those on the octet itself would not 
contribute to the magnetic properties. In the compound C,H, 
we have a similar arrangement of electrons to those in O., but 
in C,H, all the massive positive charges are not as they are in 
O, on a straight line. The result of this is that if the two 
octets rotate, say about the line joining the two carbon atoms, 
they would either have to carry the hydrogen atoms with them, 
in which case the moment of inertia would be enormously 
increased, or else move the electrons relative to the hydrogen 
atoms; the forces between the positive charges and the electrons 
would resist this motion, and tend to stop the rotation. In the 
oxygen molecule the electrons can rotate while the positive parts 
are at rest. If the compounds NCI or NF existed, the arrange- 
ment of the electrons would be as in O,, and on the views we 
have been expressing we should expect that these compounds 
would be magnetic. 


DIAMAGNETISM. 


The diamagnetic properties of chemical compounds will fur- 
nish, I think, many searching tests of any theory of the distribu- 
tion of electrons among the atoms of the compound. According 
to the theory of diamagnetism given by Langevin,?® the contribu- 
tion of an atom to k, the coefficient of diamagnetism, is equal 


to —-—- 3r*, where m/* represents the moment of inertia of 


the electrons in the atom about an axis through their centre of 
figure. The distribution of electrons is supposed to be quite 
symmetrical so that the moments about all axes are equal. e is the 
charge and mm the mass of an electron. 


*® Annales de Chimie et de Physique [8], 5, 70 (1905). 
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If 2 is the number of atoms per unit volume, k the coefficient 
of magnetization is given by the equation 
An om (32) 


If M is the molecular weight of the system, A the density of the 
substance, NV the number of hydrogen atoms ina gram of hydrogen 


C= sp N. (33) 
hence 
kM 1 é& 
See feiss (34) 


Thus kM/A, which is called the atomic diamagnetic coefficient 
and is denoted by xa, is proportional to Sv, and when x is known 
=r* can be calculated. We pass on to consider, what, for our 
purpose, is the most important application of diamagnetism—the 
connection between the diamagnetic coefficient of a compound, 
and those of its constituents. 

Pascal?° has made a series of most valuable experiments on this 
point, chiefly on organic compounds. He finds that the connection 
between %m, the diamagnetic constant of a compound A«ByCz and 
Za, Zo, Ze, the constants for its constituents, is expressed by 
the relation 

Name Nate UE ah las (35) 
Where A is a quantity, generally small compared with Za, 7%, Zc, 
which depends on the “ bonding” of the atoms. Thus, for exam- 
ple, when oxygen is one of the constituents of the molecule, the 
value of A, when the oxygen is connected by two linkages with a 
carbon atom, is not the same as when the oxygen is SOUS by 
one link with a carbon and by another to a hydrogen atom; thus, 
for example, the contributions of the two oxygen atoms in formic 
acid HCO.OH are different. 

Pascal was dealing with valency compounds; in these, on the 
electron theory, the atom of any particular element will be asso- 
ciated with the same number of electrons whatever may be the 
compound in which it occurs; thus, for example, the electronega- 
tive elements O, S, F, Cl, will always be surrounded by an octet 
of electrons; the outer layers of the electropositive elements will 
have been transferred to the electronegative ones to make up their 
octets. An interesting point arises here in connection with the 


Annales de Chimie et de Physique [8], 25, p. 280. 
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hydrogen atom and to a less extent with metal atoms. In a com- 
pound of hydrogen with an electronegative element, the electron 
associated with the hydrogen atom has gone to make up the octet 
round the negative ion, as, for example, in HCl. Thus the hydro- 
gen atom in such a compound is but a positive core, it has no 
electrons associated with it, and hence on the electron theory of 
diamagnetism would not contribute anything to the diamagnetic 
coefficient. Pascal, however, in deducing the coefficient for any 
compound, assigns to hydrogen a constant value. This is to some 
extent a matter of bookkeeping, the electrons transferred from 
the hydrogen to the chlorine will increase the contribution of the 
chlorine atom to the diamagnetic coefficient. If we like we may 
transfer this increase to the credit of the hydrogen atom and 
regard the hydrogen atom as making a contribution to the dia- 
magnetic coefficient, though it does this not by acting itself as 
the centre of one of the molecular currents, which account for 
diamagnetism, but by furnishing an electron which increases the 
molecular currents in some other atom. We should, however, 
expect that the amount of the increase would depend upon the 
kind of atom to which the electron is transferred, that it would 
increase with the radius of this atom and thus be greater for 
bromine than for fluorine or chlorine. 

We shall now consider what relation would be indicated on the 
theory we are considering between the diamagnetism of a com- 
pound and of its constituents. On the view that, at any rate, in 
valency compounds there is a transference of electrons from one 
atom to another, the atoms in the compound are not in the same 
state as when they were free and uncombined. The atoms of the 
electronegative elements such as oxygen or chlorine have gained 
electrons, while those of the electropositive elements have lost 
them. The coefficient of diamagnetism is proportional to the sum 
of the moments of inertia of the electrons about an axis through 
their centre of figure parallel to the magnetic force. If the trans- 
ference of the electrons involves a change in this moment the 
coefficient of diamagnetism will be altered by chemical combina- 
tion, 1.¢e., the additive law will not hold. 

Suppose that in the free state the distances of the electrons 
from the centres of the atoms of the elements 4 and B are fra 
and 7, respectively, and that the electrons are symmetrically 
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distributed. Then if there are a electrons on A, B on B the 
coefficient of diamagnetism is proportional to 


3 a 
If, as the result of chemical combination a atoms are transferred 
from A to B, if Ro is now the distance of the electrons on the 
B atoms from its centre the coefficient of diamagnetism is now 


2 2 2 2 
Pao ene. (36) 


im (a + B)R, (37) 
This may be written in the form 
2 2 2 2 2 2 2 2 2 2 
Fons Or to (Rr) += a(R 7) (38) 


the sum of the first and second terms is the value given by the 
additive law, the remaining terms represent corrections which 
must be applied to obtain the diamagnetic coefficient of the com- 
pound. If 7,4, represents this coefficient, we see 


2 9 2 
DRE A Be OB ot 3 B (x, ce 5) (39) 


2 . . : . 
when Ay,=% (ts-77) and is a function which involves the 
dimensions of each of the atoms at the ends of the bond binding 


them together. The term = #(R?—7?) depends only upon the 
ro) 
atom B, hence the equation may be written as 


hip = AA Ng + ea (40) 


where 7, depends only upon the properties of the B atom. 
Applying the same reasoning to the most general case, we see 
that z the value for the compound A;BbyCz will be given by an 
equation of the form z = x7 (A) + 9% (B) + 2% (C) + Daag. 
- A term has to be introduced into 54,, for each electron trans- 
ferred, 7.e., for each valency bond in the compound. Thus we 
may regard the diamagnetic coefficient of a compound as consist- 
ing of a series of terms, one set depending on the atoms in 
such a way that each atom contributes a definite amount depending 
only upon the atom; the second set of terms depending on the 
valency bonds, each bond contributing a term, the value of which 
depends upon the dimensions of the atoms at the ends of the bond. 
There may be a term in this set even when the atoms at the ends 
of the bond are the same; for example, when we have single or 
double bonds between two carbon atoms: For from the expression 
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for A we see that they would not vanish unless the radius of the 
octet round the carbon atoms in the compound C — C was equal to 
the distance of an electron in a free carbon atom from the centre. 
As the radius of the octet, round the carbon atoms when there is 
a double bond C = C is not the same as when there is only a single 
bond, the value of A for a double bond is not necessarily twice that 
for a single one. 

Pascal found that a double bond produced a very appreciable 
diminution in the diamagnetism, the magnitude of the effect of 
the double bond was about equal in magnitude, though opposite 
in sign to that due to a single carbon atom. ‘The effect of a triple 
bond was much smaller than that of a double one. 

Pascal’s researches on the diamagnetism of compounds show 
that what we have called the A terms are not in general large 
compared with the atomic ones, yet these terms undoubtedly exist. 
He shows, for example, that the contribution of oxygen to the 
diamagnetic coefficient is not the same, when as in CH,OH the 
oxygen is linked by one bond to the carbon and by another to the 
hydrogen as it is in CH.O.OH, where one of the oxygen atoms is 
linked by two bonds to the carbon atom; he shows, too, that the 
contributions of doubly and singly linked carbon atoms are differ- 
ent; he shows in fine that to calculate the diamagnetic coefficient 
of a compound we must take into account the constitution and 
configuration as well as the chemical composition. 

In addition to the effects produced by the bonding of the 
atoms, there are others, though probably not so important, arising 
from what may be called the compressibility of the cell of electrons 
surrounding the atoms. Thus, for example, it is probable that 
the distance of the electrons from the centre of the chlorine atoms 
in HCl is not quite the same as in CCl,, where the four chlorine 
atoms may compress each other by their mutual repulsions. A 
change in the dimensions of the atom would give rise to a change 
in the diamagnetic coefficient. 

The corrections due to the \ terms amount in some cases to 
as much as 30 per cent., though it 1s exceptional for them to be as 
large as this. 

From the equation 


N Xr? (41) 


deduce the distance of the 


“a? 
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electrons from the centre of the atom. For if the distribution 
of the electrons in the outer layer is symmetrical about the centre 


2 
ye = & nk? (42) 


where 7 is the number of electrons in the outer layer and R the 
distance of these from the centre of the atom; hence 


eee i 
Kp ae a m Ane (43) 
Or since ¢/m—1.87 x 10’; ¢=1-6 x 10°°°; N =6.16 x 10% 
Xa = — 3.06 X 10° &K R? Xn. (44) 


Pascal *? gives the following values for —10° Ya. 


H 2.93 Al IGA) As 43 ule BUS 
A 4.20 Si 20.0 Se 23 I 44.6 
Be 8.55 1B 26.3 Br B20 canes 41.0 
B 7.30 S thts Rb Zobel 38.2 
(E 6.80 Cl 20.1 Si 24S ATI 45:8 
N 5.57 K 18.5 Ag 31 Higit 23:4 
O 4.61 Ca 15.0 Cd 20 Pt 40.3 
F 5.95 Cu 18 lin > Tas Pb 45.8 
Na 9.2 Lu 13.5 Snivs03 mel meLO2 
Mg 10.1 Ga 16.8 Sbiii 74.0 


From these values of za we find from the preceding equation 
the following values for the diameters of fully charged electro- 
negative atoms. The values found by W. L. Bragg ** are given 
for comparison. 


Diameter from Diamagnetic Values Found 


Element. Constant. by Bragg. 
O 1.02 x 10- 1-30 105° 
F 1.05 x 10° eS Ne TO 
S) 1.84 x 10> 2.05 X 10 
Cl ZOU On 2AO xX 10- 
Se ADE S< Or 2g al Ont 
Br 2.40 X 10° 2.38 x 10- 
Te 2:3 x 10- 2.66 x 10-° 
it Ome 1O- 2.80 x 10° 


The agreement between the values of the diameters found 
from the diamagnetic coefficient and those found by Bragg is 


* Comptes Rendus, 158, p. 1895. 
® Phil. Mag., 40, p. 169. 
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fairly close. It is interesting to note that there is nothing excep- 
tional in the value of the strongly paramagnetic element oxygen, 
from this we conclude that the oxygen atom when it has two 
additional electrons is not paramagnetic. 

When the diamagnetic substance is in a solid state a somewhat 
different treatment may be required. If it isa metal, the electrons 
will be arranged in lattices and along these lattices the electrons 
may be free to move. If these lattices form a simple cubical 
system, then it can be shown that the effect of the electrons on the 
lattices in a plane at right angles to the magnetic force is to 
produce per unit area of this plane a magnetic moment equal to 


He . : ‘ ‘ ° 
Sees when Hf is the magnetic force, if d is the distance 


between two parallel lattice planes the moment due to the electrons 


in unit volume is — +, o hence the coefficient of diamagnetism 
La 
md 

Since the radius of an electron is of the order e?/m, we see 
that the volume coefficient of diamagnetism is of the order of the 
ratio of the radius of the electron to the distance between 
adjacent atoms. 

Since the volume coefficient of diamagnetism varies as //d, and 
the atomic volume varies as d?, we see that for metals of the same 
valency the diamagnetic coefficient should vary inversely as the 
cube root of the atomic volume. 


is equal to 75 
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ELECTRON THEORY OF SOLIDS, 


WE shall now proceed to examine how atoms can be bound 
together not merely in twos or threes to form molecules, but in 
large numbers so as to form solids. We shall consider how such a 
collection of atoms is held together and calculate some of its physi- 
cal properties. We begin with the case when the atoms are 
all of one kind and when the solid is a crystal, so that it may 
be regarded as made up of units which are repetitions of each 
other. These units will be built up of atoms and electrons and 
the proportion between the number of atoms and the number of 
- electrons will depend upon the valency of the element. Thus for 
the alkali metals there will be as many atoms as electrons, for the 
alkaline earths there will be two electrons for each atom, for 
trivalent metals like aluminum there will be three electrons for 
each atom and so on. Since the units completely fill space, they 
must be of the shape of one of the solids into which space may 
be divided, 7.e., the units must be parallelipeda, hexagonal prisms, 
rhombic dodecahedra or cubo-octahedra. 

Let us take the case where the units are cubical. When a 
number of cubes are built up into a solid each corner of a cube 
will be the meeting place of eight cubes. Thus, if for purposes of 
calculation, we take the cube as our unit, and proceed to find 
the effect of one cube and take the sum of these effects for all 
the cubes into which the solid is divided, the effect due to an atom 
or electron at a corner will be counted eight times over. We may 
compensate for this by assigning to an atom or electron at the 
corner one-eighth of its normal charge. An atom or electron 
at the centre of the face of a cube would be common to two cubes 
and so must be assigned half its normal charge, while an atom 
or electron at the middle point of a side of a cube will form a part 
of four cubes and so must be given one-quarter the normal charge. 

Thus suppose the atom is at the centre of a cubical layer of 
electrons, then if the electrons are at the corners of the cube, 
both electrons and atoms will be arranged in simple cubical lattices, 
there will be as many electrons as atoms, the unit cell will be a cube 
with one-eighth of an electron at each corner and an atom at its 
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centre. Suppose the electrons are at the middle points of the 
faces of the cube as well as at the corners, there will be four 
electrons for each atom so that the arrangement will be a possible 
one for a quadrivalent element. The symmetry of the arrange- 
ment shows that it corresponds to a crystal in the regular system. 
The cell in this case will be a cube with one-eighth of an electron 
at each corner and half an electron at the centre of each face. 

Another quite symmetrical arrangement is when there is an 
electron at the corner of each cube and one at the middle point of 
each of its twelve sides; as each side is shared by four cubes the 
twelve electrons at the middle of the sides will only furnish three 
electrons to the cell, the one-eighth of an electron at each of the 
corners will contribute another, so that this arrangement would 
again be representative of an element in which there are four 
electrons per atom. The cell in this case will be a cube with one- 
eighth of an electron at each corner, one-quarter of an electron at 
the middle point of each side and an atom with a charge four at 
the centre. 

The arrangement of the atoms in each of the preceding cases 
is that of a simple cubical lattice, the experiments of Sir William 
and Prof. W. L. Bragg on crystal structures have shown that one 
of the most frequent arrangements of the atoms is that of face- 
centred cubes. Here the atoms are at the corners and the centres 
of the faces of the cubes. If such a cube is taken as the unit cell, 
one-eighth of an atom must be placed at each corner and half an 
atom at the centre of each face: This makes each cell contain four 
atoms. If the atom is one of a monovalent element like lithium, 
the cell must contain four electrons. These electrons can be 
arranged with cubical symmetry in two ways— 

1. By putting one-quarter of an electron at the middle point 
of each edge and one at the centre of the cube. This gives an 
arrangement where each atom has six electrons and each electron 
six atoms for its nearest neighbours. The atoms and electrons 
are arranged alternately at equal intervals along the lines of a 
simple cubical lattice. 

This arrangement corresponds to that formed by Sir William 
and Prof. W. L. Bragg for the chlorides of the alkali metals. 

2. Put one electron at the centre of four out of the eight 
cubes into which the unit cube is divided by planes bisecting the 
sides at right angles. The four cubes are to be chosen as follows: 
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Take any one and put an electron at its centre, then electrons are 
to be put at the centres of the three cubes which have an edge but 
not a-face in common with the cube originally chosen. When the 
cells are put together the same rule must be observed, any two 
small cubes which have a face in common must have an electron 
at the centre of one but not at the centre of the other. The four 
electrons in each cell are at the corners of a regular tetrahedron. 
The distribution of the atoms and electrons is equivalent to one 
where each atom is at the centre of a regular tetrahedron of elec- 
trons and each electron at the centre of a regular tetrahedron 
of atoms. 
DIVALENT ELEMENTS. 


If the atoms in the face-centred cell belong to a divalent ele- 
ment, since there are four atoms in the cell there must be 
eight electrons. 

Two ways in which this may be done are as follows: 

1. Fill up the four small cubes which were left empty on 
scheme 2 for the monovalent elements. Each atom will now 
have eight electrons as its nearest neighbours, the electrons being 
at the corners of a cube with the atom at its centre. The cubes 
surrounding two adjacent atoms have an edge in common and not 
a face as in the simple cubical arrangement for monovalent atoms. 

2. Take the scheme 2 for four of the electrons and in addition 
place a quarter of an electron at the middle point of each of the 
twelve sides of the large cube and another electron at its centre. 


TRIVALENT ATOMS. 


When the atoms in the face-centred cube are trivalent there 
must be twelve electrons in the unit. We can find accommodation 
for these if we put one at the centre of each of eight small cubes 
into which the unit cube is divided, a quarter of one at the middle 
points of each of the twelve edges of the unit cube and another at 
the centre of this cube. This arrangement is equivalent to putting 
the atoms at the centres and the electrons at the corners of a series 
of rhombic dodecahedra filling space. 


TETRAVALENT ELEMENT. 


The arrangement of the atoms in the diamond has been 
worked out by the Braggs. It is that shown in Fig. 41. The unit 
contains eight atoms distributed as follows: One-eighth at each 
of the corners of the unit, this accounts for one; one-half at the 
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centre of each of the faces, this accounts for three; and four 
more at the centres of four of the eight cubes into which the unit 
cube is divided by planes bisecting the sides at right angles. The 
cubes to be occupied by the atoms are chosen by the same rule as 
that given for the arrangement of the electrons for the centre- 
faced arrangement for the monovalent element. As the unit 
contains eight carbon atoms and carbon is quadrivalent, there 


must be thirty-two electrons in the unit; these may be arranged 
as follows: 

(a) At the middle points of the sides of the cubical unit; 
this accounts for three. 

(6) At the centre of each of the faces of the eight small 
cubes; this accounts for twenty-four. 

(c) At the centres of the four small cubes not occupied by the 
carbon atoms; this accounts for four. 

(d) One at the centre of the large cube. 

Rontgen-ray analysis has shown that for some elements the 
atoms are arranged at the corners and the centre of a cube. Tak- 
ing this cube as the unit it contains two atoms; if the element is 
monovalent, it must contain two electrons. We cannot place these 
electrons so as to get complete cubical symmetry for one such unit; 
if, however, we group eight such units together, we get a larger 
cubical unit containing sixteen atoms, and it is possible to arrange 
sixteen electrons in this larger unit so as to get cubical symmetry. 
Thus we might put pairs of electrons along the diagonals of the 
eight cubes which go to make up the larger unit. 

If the atom were a divalent one we should have to accommo- 
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date four electrons in the original unit. This may be done by put- 
ting them at the centres of four out of the eight cubes into 
which the unit may be divided. 


HEXAGONAL SYSTEM. 


We have hitherto confined ourselves to the consideration of 
crystals in which the unit was a cube and the arrangement both 
of atoms and electrons completely symmetrical, so that the crystals 
would belong to the regular system. If our unit were a hexagonal 
prism, if, for instance, the electrons were at the corners and the 
atoms at the centres of hexagonal prisms, then since each corner 
is common to six prisms, we must, when calculating the electrical 
forces due to the unit, give to each electron at the corner one- 
sixth of its normal charge, the twelve electrons at the corners 
are thus equivalent to two electrons, so that the unit contains 
two electrons for each atom and would thus correspond to a 
divalent element. 

The arrangement of electrons and atoms in the systems we 
have described have such regularity that the calculation of the 
properties of such an aggregate is easier than that of the properties 
of an aggregate of a small number of atoms in an individual mole- 
cule. For the electrons in one part of a molecule, for example, 
those at the ends of the two octets which form the oxygen mole- 
cule, are exposed to forces which are different from those acting 
on the electrons between the two oxygen atoms. ‘The greater 
regularity in the arrangement of the electrons in the crystal more 
than compensates, as far as the mathematical difficulties are con- 
cerned, for the necessity of taking into account the effect of 
a much larger number of electrons and atoms than is necessary 
for the molecule. 

I have in a paper published in the Philosophical Magazine 
(53, p. 721) calculated some of the properties of crystals when 
the atoms and electrons are arranged according to some of the 
schemes we have just been discussing. I shall describe the 
results of these investigations, beginning with the simplest case, 
where the atoms and electrons are both arranged in simple cubical 
lattices, where each atom may be regarded as the centre of a cube 
formed by eight electrons. 

In the paper referred to, the stability of the system 1s 
investigated, and it is shown that if 2d is the distance between 
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two atoms the arrangement will be stable, provided d is less than 
c/1.69 where c is the distance at which the force exerted by the 
positive nucleus on an electron changes from attraction to repul- 
sion. As the distance between an atom and the nearest electron 


is V 3d, i.e., 1.72d, we see that for the equilibrium to be stable, the 
shortest distance between an atom and an electron in the solid 
cannot exceed by more than a very small amount the distance of 
the electron from the centre of the atom when the element 1s in 
the gaseous state. 

The system of electrons and atoms in the metal will have a 
very large number of periods of vibration, depending on the way 
the electrons are displaced relatively to each other and to the 
atoms; the highest frequency of these vibrations is when the elec- 
trons are not displaced relatively to each other, but only with 
respect to the atoms; this corresponds to the displacement which 
would be produced by light whose wave-length is long compared 
with the distance between two atoms. I find that this maximum 
frequency, p, is given by the equation 

mp? = .384 ce?/d* (45) 
where 7 is the mass and e the charge on an electron. 

If M is the mass of an atom and A the density of the solid, 
then since 8d? is the volume of a cell, 1/8d* is the number of cells 
in a cubic centimetre, hence 


M 
ep 4 (46) 
so that equation (45) may be written as 
5 8A ¢ 
Wp? =".384 Ce (47) 


This type of vibration is the one that would be excited by 
waves such as those of visible or ultra-violet light whose wave- 
length is large compared with the distance between the atoms 
in the solid. We might therefore expect evidence of it in the 
behaviour of monovalent metals when acted upon by light, the 
effect produced upon such metals would be greatest when the 
frequency of the incident light was that given by equation (45). 
An interesting case when the action of light on a metal is a 
maximum for light of a particular wave-length is what is known 
as the selective photoelectric effect.** This has been measured by 


* Hughes, “ Photoelectricity,’ Chap. 5. 
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Pohl and Pringsheim,** and in the following table, I give the com- 
parison of the wave-length for which the selective photoelectric 
effect is a maximum for the monovalent metals sodium, potassium 
and rubidium as determined by Pohl and Pringsheim with the 
wave-lengths calculated by equation (45) where c/d has been 
given the value 1.7, 7.e., on the supposition that the shortest dis- 
tance between the atom and the electron in the metal is the same as 
that in the gas. 


Metal. A M/1.64X 10" = caleulated. d\ observed. 
SOG socosnee O71 23 3234 3400 
IPGIRSSIE 4 Auaos 862 39 4457 4400 
Rubidium... er 1.532 85.45 4940 4800 


It will be noticed that the agreement between the observed and 
calculated values is satisfactory. 

It is interesting to compare the frequency of this type of 
vibration of the electrons in the solid, with P, that of the vibration 
of the electron in a gaseous atom, the latter can easily be proved to 
be given by the equation 

We eo) C (48) 
so we see from (45) 1f 1.7d =c and p is the frequency in the metal 
p=1.8P (49) 


thus the frequency in the metal is a little less than twice that in 
the gas, the values for the wave-length of the vibrations in the 
gaseous atom deduced from the table just given are for sodium 
5800, and for potassium 7900. 

The slowest vibrations of the electrons are when the displace- 
ment of adjacent electrons are in opposite directions. Thus sup- 
pose one of the lines of the electron lattice is vertical, then the 
slowest vibration of the electrons is when the electrons in any one 
line have all equal vertical displacements and the displacements of 
the electrons in the six vertical lines which are its nearest neigh- 
bours are equal in magnitude, but opposite in direction, to that in 
the line under consideration. 


COMPRESSIBILITY OF THE METALS. 


We can calculate the potential energy due to the forces 
between the atoms and the electrons. I have given the calculations 
in a paper in the Philosophical Magazine (43, p. 721) and have 


* Verh. d. Deutsch. Phys. Gesell., 13, p. 474 (1911). 
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shown that if the metal is supposed to be made up of cubical cells 
with an atom at the centre and one-eighth of an electron at each 
of its eight corners, each cell corresponding to an atom with its 
electron, the potential energy per cell is 


e 
= 1.825 a (50) 
when 2d is a side of the cube. Thus, if there are N cells per 
unit volume, the potential energy per unit volume is 


e 
2d 
Now N = 1/8d?, and if as before M is the mass of an atom and A 
the density of the metal 


— O25 


N (51) 


NM=A (52) 
hence the potential energy per unit volume is equal to 
Bie Ne 
a 1.825 e(+)} (53) 


It is shown also that the work required to compress the cells 
so that the distance between two atoms is reduced from 2d to 
2(d-—Ad) is equal to 


Ne? Ad \? 
ee DS Ge) (54) 
If dV is the diminution in a volume ’ due to this diminution in d 
dV _. Ad 
iw 3 a (55) 


hence the work required to compress the cells in unit volume is 
equal to 


1.825 N “(F) 


GC wil 3 V 6 
1.825 (3) (4) (56) 
9 ‘~\M V 
But if k is the bulk modulus, then this work is equal to 
I dV \? 
ap +) (57) 
hence 
— 3:55 ARNG 
p= 35 a( 2) (58) 


The “ compressibility ” of the substance is equal to 1/k. 

We owe to Professor Richards invaluable determinations of 
the compressibility of the various elements. The following table 
contains the results of the comparison of his values of the com- 
pressibility with those calculated from equation (58). 
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Metal. A M/1.64 X 10-4, k calculated. k observed. 
IGS BTU oo on we 534 7 JM <r 114 X 10” 
SAH ssoonoc O71 2 .068 x 10” .065 X 10” 
Rotassiuminee CO? 37 OB 3 10 10325 e101 
Rubidium ..... 1.532 85.5 .022 X 10” F025 al Om 
@zesiuiniueses 1.87 132 O16 X 10” 016 x 10” 


Thus the results given by equation (58) are in close agreement 
with experiment. 

If the atoms are in the gaseous state, the work required to 
change the radius of an atom from r to r—Ar is equal to14= aGak 
Thus to produce the same percentage changes (45) in the sum 
of the volume of the atoms when in the gaseous state and (47) in 
the volume of the same number of atoms in the solid state requires 
the expenditure of amounts of work which are in the proportion 


of = to 1825 
of ere ane in the solid state is about one-third of that in 
the gaseous. 


, or if 1.7d =‘c, of 1 to 3.1. Thus the compressibility 


le O2 64 
2d 


. > 1f M’ is the atomic weight 


The as energy of a cell in the solid is equal to 


or, since =A/M, to —e? 1.825 (4 


(2 edi M 


of the element 
M = 1.64 X 104 K M’ (59) 


hence the potential energy of the metal per cell is equal to 
—e15x108(2 J! (60) 


This is equal to the energy acquired by the charge on an electron 
falling through a potential difference of 


st 
21.25 X (2)? vor. (61) 


The values for the various alkaline metals are 
Li =9.25 volts 


Na =7.3 

K =6.36 
Rbi= 5-52 
Csa— Sa100 


The work which must be done to pull the cell from the metal 
and convert it into an atom of a monatomic gas is the difference 
between the potential energy in the cell and the potential energy of 
the gaseous atom; the latter when expressed in volts is for a 
monovalent element equal to the ionising potential. 
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The potential energy per cell is equal‘to —$(w,+ we) where - 
w, is the work required to remove a single electron from the metal 
and w, that required to remove a single atom. We have calculated 
W, + Wy, but not w, and wy individually. If the repulsion between 
the positive parts of two atoms was proportional to the inverse 
square of the distance, then w, would be equal to w., but if the 


repulsion is equal to =( I ), then w, will be greater than w,, 
and w, will be less than 4(w,+w,.). Let w, -8 (w, + We) 


where 8 is a fraction, then the work required to remove any 
electron from the alkali metals will be 8 times the values given 
in the preceding tables. The contact difference of potential 
between two metals is equal to the difference in the amounts of 
work required to remove an electron from the two metals, thus the 
contact difference of potential between sodium and potassium 
would be 6(7.3 — 6.36)= .92 B volts. The value found by experi- 
ment is .4 volt, hence 8 = .44, so that w,=.44 (potential energy 
penscell): 

This gives the following values for the work required to tear 
an electron from the alkali metals. 


Li =4.07 volts 


INai—22 
K =2.79 
Rbr— 2242 
Cs =2.24 


The work required to tear an electron from sodium was estimated 
by Richardson from thermionic data as 2.6 volts, and from the 
photoelectric effect as 2.1 volts. The values given in the table 
represent the work required to remove an electron from the body 
of the metal; the atoms in ‘the surface layers of the metal differ 
in energy from those.in the interior, and an electron can escape 
from them with less expenditure of energy. As the values given 
in the table are less than half the amount of work required to 
remove both an electron and the positive part of an atom from the 
metal, the work required to remove an atom is greater than that 
required to, remove an electron, so that when the metal is heated, 
the number of positive ions which come off will be small compared 
with the number of electrons. 

The values given on page 120 for the compressibility are for 
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’a distribution of atoms and electrons such that the atoms are 
at the centres of cubes and the electrons at the corners. 

When the atoms and electrons are arranged so that atoms and 
electrons occur alternately at equal intervals along the lines of 
a cubical lattice, we can show that the potential energy for a 
volume of the metal containing N electrons and N atoms is 

7 Ne (62) 
2d 
where d is the shortest distance between an atom and an electron. 
If these NV atoms and electrons make up unit volume, then if A is 
the density of the metal and M the mass of an atom, since a cube 
with side 2d contains four atoms 


avs A: NM=A 
8a 
j (63 ) 
aie (42) 
a EY 3 
hence the potential energy per unit volume is 
885 e eos 
OH) Cae (+) 
A (64) 
3 


= — 1.16 (+) 
M 


It follows from this that the bulk modulus is 


2.26 ( (Ne 
Tom ae). © (65) 


3 


this is not very much more than half the value ae (3) corre- 


sponding to the other distribution which we saw agreed very 
well with the experiment results; hence we conclude that the 
atoms and electrons cannot in the alkali metal be arranged so 
as to occur alternately at equal intervals along the lines of a 
cubical lattice. 

For the arrangement where the atoms are arranged in face- 
centred cubes with electrons at the centres of four out of the 
eight smaller cubes into which the face-centred cube is divided, I 
find that the potential energy for a volume containing N atoms 
and N electrons 1s 


A\$ 

= r75( 44) (66) 
so that k, the bulk modulus, is equal to 
=3:50 (2s \e 

gee (3) (67) 


this differs by less than 5 per cent. from the value given by 
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equation (58), and would agree within the errors of experiments 
with the values found by Richards. 

When the arrangement of the atoms of a monovalent element 
is that of the body-centred cube and the electrons are placed two 
by two along the diagonals of eight such cubes taken as a single 
unit, Miss Woodward finds 


AS 4 

b= 20 (3) (68) 
This would give values for k appreciably smaller than those found 
by experiment. The arrangement of the electrons was assumed 
to be as follows: Two electrons were placed inside each cube on 
a diagonal, one on one side of the centre, the other on the other, 
midway between the centre of the cube and the ends of the 
diagonal. The diagonals along which the electrons are placed 
are chosen so that in a cube built up of eight such small cubes 
no two of the diagonals in any four whose centres are in one 
plane are parallel or intersect. The diagonals in two cubes which 
have a corner but neither an edge nor a face in common are to be 
parallel. This arrangement is equivalent to arranging the atoms 
and electrons alternately at equal intervals along lines whose 
directions are parallel to the four diagonals of the cube. 


THE ENERGY AND COMPRESSIBILITY OF DIVALENT ELEMENTS. 


We shall further test the electron theory of solids by calculat- 
ing the compressibility of a divalent element. Calcium crystallises 
in the regular system and the arrangement of the atoms has been 
shown by X-ray analysis to be that of the face-centred cube. 
Taking such a cube as the unit, it contains four calcium atoms; 
since calcium is divalent, if there are four atoms there must be 
eight electrons. The most symmetrical way of arranging these 
is to place one at the centre of each of the eight small cubes into 
which the unit cube is divided by planes bisecting its sides at 
right angles. 

Taking this arrangement, I find that the electrostatic potential 
energy of a calcium atom is, if 2d isa side of the unit cube, 

2 


é 
— | 5:33 (69) 
while that of an electron is equal to 


e 


d 1.8 (70) 
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Hence the electrostatic potential energy of one atom and two elec- 
trons is 


eC 
mae (71) 


The total actual potential energy, i.c., the potential energy when 
we take into account the effect of the forces varying inversely as 
the cube of the distance is one-half of this, 7.e., 


e 


Since the cube whose volume is 8d? contains four atoms 


aap A (73) 


where WM is the mass of an atom and A the density of the metal; 
hence the energy per unit volume is equal to 


5 bs \\ 53 
— 5.61 X (+4) (74 
The bulk modulus k is equal to 
4 Oe LNG 
e 3; Gr) (75) 


rorscalciuin A— 1.55 and 31 —vo x 1.04.x 107%, hence kotor cal- 
cium =.192 x 107%. The compressibility which is the reciprocal 
of k is 5.2 x 10°77; the value found by Richards is 5.5 x 10°77, so 
that the agreement between the observed and calculated values is 
quite satisfactory. 

The potential energy for an atom and two electrons is that 
corresponding to the fall of an electron through twenty-two volts. 


THE COMPRESSIBILITY OF A TRIVALENT ELEMENT, 


Aluminum is a trivalent element crystallising in the regular 
system. The arrangement of the atom has been shown to be that 
of a face-centred cube. Taking this cube as the unit it contains 
four atoms; it must, therefore, since aluminum is trivalent, con- 
tain twelve electrons. If we place electrons at the middle points 
of the sides, at the centres of each of the eight cubes into which the 
unit cube is divided by bisecting planes and one at the centre of the 
cube, we get a symmetrical distribution of these twelve electrons. 
This distribution is the same as if each atom were placed at the 
centre of a rhombic dodecahedron and the electrons at the corners 
of the dodecahedron. Since four planes meet at some of the 
corners while only three meet at others, we see that the electrons 
will be divided into two groups. 
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For this arrangement I find that the electrostatic potential 
energy of the atom, with its triple charge of electricity, is equal to 


9 10.6 
é d (76) 


where 2d is the side of the face-centred cube and e the charge on 
an electron. 

For an electron ata corner of the dodecahedron where four 
planes meet, the potential energy is 


5 OR 
Sap (77) 


and for an electron at a corner where three planes meet 


pe bel Sd 


A (78) 


Ixach atom is associated with one electron of the first type and 
two of the second, hence the electrostatic potential energy of this 


system is — en and the total potential energy — ye 
Now 
i f 20% 
wo M (79) 
hence k the bulk modulus is given by the equation 
Tyo ey (ANG 
a 5 e (F) (80) 


for aluminum A= 2.65, Wl =27 <1.64.< 107 5 hence, roar. 
10'”, the value found by experiment is .78 x Io0'”. 


COMPRESSIBILITY OF THE DIAMOND. 


In the diamond we have a quadrivalent element crystallising 
in the regular system. The arrangement of the carbon atoms in the 
diamond has been shown by Sir W. H. Bragg and Prof. W. L. 
Bragg to be given by the following scheme. The atoms occupy 

(a) the corners of a cube; 

(b) the centres of its faces; 

(c) four of the centres of the eight cubes into which the large 
cube is divided by planes bisecting its sides at 
right angles. 

We shall take this cube as our unit; it contains eight carbon 
atoms. Since carbon is quadrivalent, it must contain thirty-two 
electrons; these electrons will be situated 

(a) at the middle points of the edges of the cubical unit; 
this accounts for three; 
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(b) atthe centres of each of the faces of the eight small cubes; 

this accounts for twenty-four ; 

(c) at the centres of the four small cubes not occupied by 

the carbon atoms; this accounts for four; 

(d) one at the centre of the large cube. 

Making use of this unit, we can calculate the electrostatic 
potential energy due to the charges on the atoms and electrons. 
Let £ be the charge on a carbon atom, e that on an electron. 

The electrostatic potential energy of a carbon atom 


I de LE 
-E(= = =.) (81) 
I find to be equal to 
E 
= (149-346 — 35-13), (82) 
where 2d is the side of a unit cube. Since E = 4e, this reduces to 
e 
17.65 >" (83) 
The electrostatic potential energy of an electron I find to be 
re Ie; 
= 4\4 149.346 — 147-59¢ 
aeons (84) 
ea ens 
<a 2 d -75: 


Hence the electrostatic potential energy for the atom and its 
; 2 
four associated electrons is 21.15 i 


Since there are eight atoms in the cube whose edge is 2d, if A 
is the density of the diamond and © the mass of a carbon atom, 


ae a (85) 
or 
i= (Gn) (86) 
Thus the electrostatic potential energy per one atom and four 
electrons is 
ar.aset( TE)? (87) 
and the energy per unit volume 1s 
artse (4)! (88) 
Hence k, the bulk modulus of the diamond, is given by 
the equation 
phe 218 (a) (89) 
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for the diamond A = 3.52, M=12x 1. ee x Io **; hence k = 5.6 x 
101) keel oeate 

This value for 1/k is much less than that, .5 x 10°17, found by 
Richards. It is, however, in close agreement with .16 x Io”, the 
value recently found by Adams.*? 

The properties of solids formed by elements whose atoms have 
more than four disposable electrons are quite different from those 
of solids formed by the elements with one, two, or three disposable 
electrons. The latter are, with the exception of boron, metallic 
and good conductors of electricity and heat. The former, for 
instance sulphur and phosphorus, are insulators. Not only do 
they insulate in the solid state, but they do so after they are fused. 
They differ in this respect from solid salts which, though they 
may insulate when in the solid state, generally conduct when 
melted. This suggests that in the salts there are positively and 
negatively electrified systems which are fixed when the substance 
is in the solid state, but can move about when it is liquefied. In 
such elements as sulphur or phosphorus there does not seem to be 
any evidence of the existence of anything but neutral systems; in 
other words, the solid may be regarded as built up of units, each 
of which contains as much positive as negative electricity. It is 
noteworthy that according to the Electron Theory of Chemical 
Combination, two similar atoms, if they have each more than four 
disposable electrons, like the atoms of sulphur and phosphorus, 
can combine and form a saturated molecule, which is electric- 
ally neutral. 

Thus we are led to distinguish three types of solids: 

(a) A type where the atoms are arranged in lattices, and the 
electrons in other lattices coordinated with the atomic ones. In 
this type each electron has no closer connection with a particular 
atom than it has with several others. Thus, for example, when 
the electrons form a simple cubical lattice with the atoms at the 
centres of the cubes, each electron has eight atoms as equally near 
neighbours; so that an electron is not bound to a particular atom. 
This type includes the metals; it also includes boron and carbon in 
the form of diamond, which are insulators. 

(b) A type represented by the salts; here the atoms are again 
arranged in lattices, but each electron has much closer relation 
with one particular atom than it has with any other. Thus to take 


* Washington Acad. Sc., 11, p. 45 (1921). 
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the case of NaCl, where the Braggs have shown the atoms to be 
arranged according to the following scheme: 


Iie (Gil aN, “il 
Ol Wa Cl ie 
Nia, (Cll AN. (Cll 


We suppose that each sodium atom has lost an electron, while 
each chlorine atom has gained one; thus each chlorine atom has 
eight electrons around it, and each electron is much more closely 
bound to: one particular chlorine atom than to any other. It is so 
closely associated that it is not dissociated from its partner in 
either the solid or liquid state of the substance. Thus the chlorine 
system always has a negative charge, the sodium one a positive. 
These atoms do not move when the substance is in a solid state, 
though they may do so when it is liquefied. 

If the distance of the electrons from the chlorine atoms were 
to increase until it was not far from half the distance between the 
sodium and chlorine nuclei, this type would approximate to 
type (a). 

(c) A type where the lattices are built up of units which are 
not electrified; such units are probably molecules containing two 
or more atoms, though in certain cases they may be single atoms. 
The characteristic of the type is that each unit has sufficient elec- 
trons bound to it to make it electrically neutral, and that each 
electron remains attached to a particular atom. Thus where an 
electric force acts on the system there is no tendency to make the 
unit move in one direction rather than the opposite, so that the 
substance cannot conduct electricity. 

There is something anomalous about the compressibility of 
silicon; the arrangement of its atoms as determined by X-ray 
analysis is the same as that of the diamond, while its atomic 
volume is 2.7 times greater. We might therefore expect that its 
compressibility would be (2.7)% , or 3.8 times that of the diamond. 
Its compressibility, however, as determined by Richards, is only 
.16 x 101”, which is practically the same as the revised value for 
the diamond. In silicon, however, there are two layers of electrons 
so that when the four electrons in the outer layer have been 
distributed to form the lattice, a layer of eight will remain sur- 
rounding the positive part of the atom. The compression of the 


9 
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silicon may involve not merely the closer approach of the positive 
parts of the silicon atoms, but also a closer approach to the central 
atom of the layer of eight electrons which surround it. The work 
required to do this would tend to make the compressibility less 
than for a substance like carbon, which, after its outer layer has 
been distributed, has no inner layer left to compress. 


TABLE VIII. 
Potential Energy per Atom with Its Associated Electrons. 
Arrangement of Atoms. K. (Bulk Modulus). 
Monovalent Elements. : 
CUBIC AL scl Gere ee ee ee 3.65 a 
9 M 
FACE-CENTRED CUBE: 
2 
Electrons at middle points of edges and centre of cube........... eee (3 3 
9 
4 
2 ae! 
Electrons at centres of four constituent cubes ...............--- 35°( =) : 
9 
2 4 
BODY2CENURED: CUBE rn cispie or oaisin arete trate aoe eae Oral omer ate es) eR 328 (2)3 
9 \M 
Divalent Elements. 
FACE-CENTRED CUBE: 
4 
Electrons at centres of eight constituent cubes...............4. a a 
9 M 
4 
Electrons at centres of edges and four constituent cubes......... oe) 
9 
Trivalent Elements. 
FACE-CENTRED CUBE: 
Electrons at middle points of edges and centre of cube and at cen- Be 4 
* AAEHOH, MOCUE CAS UNAM CONES» oo 500 Sows 0 boo Cod aos ODbbOuNOSE eae 
; 9 
Quadrivalent Elements, 
FACE-CENTRED CUBE and at: 
Centres of four constituent cubes. Electrons, centres of edges, 
centres of faces of constituent cubes and at centres of four of 2 4 
THESES CUDES Sve. sts ene oe OR a eR A ae a 
9 M 


The case may be compared with that of a chloride of an alkali 
metal, say LiCl. In the lattice formed by the atoms each chlorine 
atom is surrounded by a layer of eight electrons. The compressi- 
bility of the salt has been determined by Richards and it is much 
less than the value calculated on the supposition that the chlorine 
ion with its octet of electrons round a positive charge of seven 
units can be treated as a negative charge of one unit at the centre 
of the chlorine atom. The compression of the octet round the 
chlorine atom has also to be taken into account. Miss Woodward 
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has done this recently and finds that the calculated values are in 
fair agreement with those determined by experiment. 

A similar argument applies to the elements copper, silver 
and gold, which are far less compressible after allowing for the 
difference in the atomic volume than they would be if they fol- 
lowed the same law as the other monovalent elements, the alkali 
metals. The heavier alkali metals have also inner layers, but 
the atomic volume of these is so great that the compression of 
these layers does not come nearly so much into play as in gold 
and silver, which have much smaller atomic volumes. 

We may sum up the results of the preceding investigation 
of the compressibility of solids as follows: 


3 


The compressibility is equal to (4) , where C is a quantity 
‘depending on the valency of the element and the form in which it 
crystallises; Ais the density of the solid and M the mass of an 
atom of the element. 


The potential energy of an atom with its associated electrons 


is equal to 
: A \3 
= ae (+) (90) 
Table VIII contains a summary of the preceding results. 


SURFACE TENSION. 

The preceding expression represents the energy of an atom in 
the mass of the metal, for one on the surface it requires modifi- 
cation. Thus if P is an atom or electron part of its potential 
energy depends on the atoms and electrons above a horizontal plane 
through P. If the metal is broken so that this plane becomes 
a surface of the metal, the atoms and electrons above P will no 
longer affect the potential energy so that this will be changed. 
We can find an approximation to the amount of this change in the 
following way: Let us take a crystal of a monovalent element and 
suppose that the atoms and electrons are arranged in the plane of 
the surface according to the scheme (1, p. 114) when the atoms 
are at the corners and centres of the faces of a cube and the 
electrons at the middle points of the sides and the centre of 
the cube. This is the more convenient arrangement to take, 
since the atoms and electrons are present in equal numbers in 
the plane, so that the total electric charge upon it is zero. With 
this arrangement I find that the contribution of the atoms and 
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electrons above P to the potential energy of the system consisting 
of P and an electron 1s —.075 £, where d is the distance between 


an atom and the nearest electron. We saw (p. 122) that in 
this case for an atom and electron in the interior the energy is 


-1.77 £. Thus the potential energy S of the atom and electron 
in the surfaces exceeds J, the potential energy in the interior, by 


aul =.042]. The surface tension arises from the excess of the 


potential energy of the atoms in the surface over those in the 
interior and is equal to the excess for one atom multiplied by the 
number of atoms in unit area of the surface. Let us apply this 
to find the surface tension of sodium. The energy of an atom of 
sodium not on the surface is equal to that gained by an electron 
falling through 7.2 volts,=.e.,, 7:2% 1.0 <10°" ergs. “Thevdic= 
tance between two sodium atoms is equal to 3.37 x 10%, hence 
the number of sodium atoms per square centimetre is 10'°/11.35. 
Thus the surface tension of sodium is 
(WS FDS THO TOBE 
= 432 ergs/cm.” (91) 
The value given in the tables for molten sodium is 500, so 
that the calculated and the observed value are of the same order 
of magnitude. ‘The calculation is only a rough approximation 
as we have neglected the effect of temperature and supposed that 
the distance between the sodium atoms is the same on the surface 
as inthe interior. The increase in the potential energy at a surface 
will depend upon the orientation of the surface. Thus if the 
face of the sodium is a plane parallel to the diagonal plane 
of the cube instead of the plane parallel to one of its faces, 
I find that the potential energy of an atom and electron at 
the surface will be greater than if they were in the interior 
by .067 J instead of .0423 J as in the former case. In this plane 
the number of atoms per unit area is only 1/V2 that in the 
former case, thus the surface tension in this plane will be to 
that in a plane parallel to a face of the cube in the proportion 
of 47.3 to 42. The atoms in this plane having greater potential 
energy than those in a plane parallel to the faces of the cube will 
develop a. greater amount of heat when they enter into chemical 
combination. I find that for a gram molecule of sodium the 
difference would be about 10,000 calories. “Thus chemical action 
would be more likely to go on at these faces than at the natural 
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cleavage faces of the crystal; the photoelectric emission of elec- 
trons would also be greater. 


COMMUNICATION OF A CHARGE FROM GASEOUS IONS TO THE ELECTRODES. 


The preceding values have an important bearing on the trans- 
mission of electric charges from gaseous ions to metallic electrodes. 


Consider first the case of a positively charged ion. If this 
is to give up the charge to the electrode and escape as an uncharged 
atom or molecule, an electron must come from the metal, and be 
received by the ion. Let the work required to abstract the electron 
from the metal be Vm and let the ionising potential of the gas be 
Vy, then the work required to discharge the ion is Vm—Vy. If 
Vm is greater than Vy it will require an expenditure of work to 
_ discharge the ion, the ion will not give up its charge, i.e., there 
will be no continuous current through the gas unless the external 
potential difference is greater than Vin — Vo. 

Now take the case of a negatively electrified ion giving up its 
charge to the anode; here an electron has to be taken from the 
ion and given up to the anode; to remove the electron requires an 
amount of energy equal to ’,, where V’, is the work required to 
move an electron from the negatively charged ion, it will be less 
than the ionising potential. On the other hand, work equal to Vin 
is gained when the electron goes into the metal thus to effect the 
transference, work equal to V, — Vm must be done, so there must 
be an external potential difference greater than Y,—Vm to keep 
up the current. 

Though the ionising potential for an atom is in general much 
greater than the work required to extract an electron from a 
metallic electrode, yet if the ions are not single atoms but are 
hydrated or form part of an aggregate, the work gained by the 
fall of an electron into the ion will, as is explained on page 76, 
be much less than that corresponding to the ionising potential of 
the atom. If this work sinks below Vm a finite potential difference 
will be required to make these hydrated positive ions give up their 
charges to the cathode. 

On the other hand, the work required to extract an electron 
from a hydrated negative ion will be greater than that which 
would be required if the ion were not hydrated, if this work 
exceeds Vm a finite potential difference will be required to make 
these negative ions give up their charge to the anode. 
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INTERMETALLIC COMPOUNDS. 


The expression we have found for the potential energy of a 
solid has an important application to the theory of intermetallic 
compounds and alloys. Take the case of two metals, A and B, 
when they are apart they consist of lattices of atoms and elec- 
trons, and as we have.seen may be regarded as built up of units, 
each unit containing a certain number of atoms, together with the 
appropriate number of electrons. Thus if the metal were mono- 
valent there would be as many electrons as atoms; if it were di- 
valent there would be twice as many, and so on. Suppose now 
that the metals were mixed under conditions which permitted free 
movement of the atoms and electrons. Then in the mixture in 
addition to the units consisting wholly of A or of B atoms, we 
may have units containing both A and B atoms. Thus to take a 
definite case, let A be sodium and B potassium, the unit might be 
a cube of side 2d, built up of eight cubes; at the centres of these, 
atoms of sodium and potassium might be placed alternately, the 
electrons would be at the corners, the centres of the faces, and the 
centres of the edges, and at the centre of the large cube. Such 
a unit would certainly be formed at low temperatures if its 
potential energy were less than that due to four units of sodium 
and four of potassium when these metals were separated. Again 
we might have a cubical unit with the potassium atoms at the 
corners and the sodium atoms at the centres of the faces; in this 
unit there would be three sodium to one potassium atom. There 
are many other possible units with different proportions of sodium 
and potassium atoms. Whether such units will be formed or not 
is a question of the relation between the potential energy of such 
a unit and the potential energy of the atoms it contains when 
arranged so that the units contain only one kind of atom. The 
point I wish to emphasize is that the conditions which determine 
the formation of these metallic compounds are of quite a different 
kind from those which determine the formation of gaseous com- 
pounds containing one or more electronegative constituents. With 
these it 1s the valency conditions, such as may be expressed by 
the formation of octets, which govern the type of admissible com- 
pound; with the metals, on the other hand, the formation or not 
of a compound is determined by the potential energy possessed by 
a unit of the lattice system formed by the compound. As this 
potential energy depends on the number of electrons as well as 
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upon the number of atoms in the unit, and as the number of elec- 
trons depends upon the valencies of the atoms, valency will have 
an influence upon the type of compound, but of a different charac- 
ter to that exerted in compounds between metals and electro- 
negative elements. From these considerations we should expect 
that the structure of intermetallic compounds would not conform 
to the condition of valency as ordinarily understood. We find, 
for example, many stable compounds in which two atoms of 
a bivalent metal are combined with one atom of a univalent one, 
e.g., NaCd,, KHg,, CuMg,, a proportion inconsistent with the 
usual conception of valency, but one which would be satisfied by 
a very simple form of unit cell. Thus if the divalent atoms 
were at the corners of a hexagonal prism and the monovalent atom 
at the centre, while the electrons were placed at the centres of side 
faces of the prism and two along the axis on either side of the 
monovalent atom, we have a unit containing two divalent atoms, 
one monovalent atom and five electrons. 


MIXED CRYSTALS AND INTERMETALLIC COMPOUNDS. 


Metallurgists distinguish between two types of combination 
between metals. The one type called intermetallic compounds 
consists of alloys of a composition at which on a graph represent- 
ing the relation between percentage composition and some physical 
property, such as electrical conductivity, shows a well-marked 
maximum or minimum. These points in general correspond to 
alloys in which the proposition between the numbers of atoms of 
the two metals are expressed by simple ratios. Alloys of other 
composition represented by the regions between the maxima and 
minima are supposed to be in a state which is sometimes described 
as mixed crystals and sometimes as solid solutions. 

Let us consider the question of the combination of two 
metals A and B from the point of view of the electron theory of 
solids. There are several possibilities, the alloy might be a 
mechanical mixture of A and B; by this we mean that the atoms 
of A and B are respectively arranged in their own space lattices, 
and that there are no composite space lattices made up of atoms 
of A and B arranged in regular sequence. Another alternative is 
that the atoms should be arranged in composite space lattices, the 
atoms along the lines of the lattices consisting partly of A atoms 
and partly of B. Here there are again several possibilities, for 
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with a fixed proportion between the number of A atoms and 
the number of B there are many different composite lattices pos- 
sible. Thus, for example, if there are three A atoms for one of B, 
we might in two dimensional lattices have the spacings 
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Thus the alloy might consist either of one kind of lattice or 
a mechanical mixture of a number of different kinds. If the 
atoms have been in a condition in which they could diffuse freely, 
e.g., if the alloy were stirred for a long time when the melt was 
liquid, the arrangement would be that corresponding to minimum 
potential energy, remembering that when there is a mechanical 
mixture of different phases we must take into account the energy 
due to surface tension. When there is a well-marked minimum 
in the potential energy for one arrangement of the atoms, we 
should expect that the alloy would be homogeneous and repre- 
sented by a single lattice corresponding to this arrangement. If, 
on the other hand, there are several arrangements which differ 
but little from each other in potential energy we might expect to 
find all these arrangements present in the alloy in proportions 
which would vary with the temperature. When the alloy is 
homogeneous and the arrangement of atoms and electrons capable 
of being represented by a single lattice, it corresponds on my view 
to an intermetallic compound. When, however, there are several 
different arrangements mixed together, it corresponds to a 
solid solution. 

When the atoms of A and B carry the same charge of elec- 
tricity, then if A is greatly in excess we should expect the B 
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atoms to occupy positions along a space lattice that differed but 
little from that for pure A. When, however, the number of the 
B atoms increase beyond a certain proportion, there will probably 
be large modifications in the space lattice for the mixture and 
possibly the formation of one of quite a different character. The 
probability of a new type of space lattice will be much increased 
if B and A carry different electrical charges, 1.e., have differ- 
ent valencies. 

Let us consider from this point of view the changes we might 
expect in the properties of a mixture of two metals, A, B, starting 
from pure 4 and ending with pure B. 

When 4 is greatly in excess, the formation of those com- 
pounds which contain a comparatively large proportion of A in 
comparison with B will, in accordance with the principles of mass 
action, be promoted, and the mixture will consist of free 4, little 
or no free B, and a number of compounds, the majority of which 
contain an excess of A over B. As the proportion of B increases 
the amount of free A diminishes and the proportion between the 
amounts of different types of compounds changes, the change 
being mainly at the expense of those which contain a large num- 
ber of A atoms. When the mixture is such that the proportion 
between A and B is that of a possible compound, if that compound 
is one which has markedly less potential energy than its con- 
stituents, the whole mass of metal at low temperatures at any 
rate may practically consist of this compound. It need not, how- 
ever, do so in all cases; there may be a certain amount of disso- 
ciation of the compound depending upon the temperature. Again, 
if there is another compound with very small potential energy, 
some of it is pretty sure to be formed, so that the mixture may not 
be quite homogeneous even when the proportions are those of a 
possible compound. When the mixture consists almost entirely 
of one compound, its constitution is identical in many respects 
with that of a simple metal. All the units of which it is built up 
are of one kind, and that kind an arrangement of atoms and elec- 
trons, which when the units are united give, as in the cases of 
metals, a system of lattices for atoms and electrons. Any general 
property possessed by all metals would, we should expect, be 
possessed by this compound. In particular the conduction of 
electricity through the compound would take place by the same 
‘mechanism as through metals. Now one peculiarity of the con- 
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duction of electricity through pure metals is that the temperature 
coefficient of the electrical resistance is much the same for all 
metals, hence we should expect that the temperature coefficient 
of an intermetallic compound would be about that of the pure 
metals. There seems to be very considerable evidence *° that this 
is approximately true. | 
The temperature coefficient of the electrical resistance when 
the mixture of the two metals contains several compounds is often 
very much smaller than that for pure metals; in fact, it is even 
sometimes of opposite sign. When there are several different 
components the effect of a rise in temperature will be an increase 
in the dissociation and hence an alteration in the proportion of the 
amount of different compounds present in the alloy. The more 
complicated compounds will be split up by the rise in temperature 
and the proportion of simpler ones increased. As the lattices 
formed by the complex compounds are more intricate than those 
of the simpler ones, we should expect their electrical resistance 
to be greater so that when some of these are split up owing to 
the rise in temperature there will be a tendency to reduce the 
resistance. Thus in a mixture of this kind there is, in addition to 
the normal effect which makes the resistance increase, an-effect 
tending to make the resistance fall when the temperature rises; 
this will diminish the temperature coefficient of the resistance. 
Let us now consider the changes in the elastic properties pro- 
duced by the formation of these intermetallic compounds. We 
have seen that in the solid state the potential energy of an atom 
and its associated electrons is equal to 
Ra 
— 4.5 Nap (92) 
when k, is the bulk modulus and N, the number of atoms in 
unit volume for the element A. Since N,=A, /M, where A, 
is the density of A and M, the mass of its atom, the potential 
energy per atom may be written as 
M4 
er (93) 
Thus the potential energy of » atoms of a metal A and m of a 
metal B before they combine is equal to 
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*““Desch. Intermetallic Compounds,” p. 52. 


(94) 
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If these unite to form the compound AnBm, the potential energy 
per molecule of this compound is 
Rims 
Se dae raat) (95) 
Where knm is the bulk modulus of the compound andAnm its den- 
sity. Thus by the formation of the compound, the diminution of 
potential energy per molecule of the compound formed is 


Rina nkyzM, mk pM 
45) (nM + nM.) a), 
Doon if e LSA > AB 


(96) 


and this must be equal to the heat of formation per molecule of the 
compound at zero absolute temperature. Thus from the com- 
pressibilities of the compound and those of its constituents we can 
calculate the heat of formation of the compound. 

Again 


nk 4M 4 a kM p a (2 —) 


Aa AB Ag AB (97) 
and 
nM 4 mM p nM, +mMz 
AA INGE ca DS (98) 


Where K is the bulk modulus and A the density of the mixture, 
calculated on the assumption that 4 and B exert no influence on 
each other, hence the diminution in potential energy due to the 
formation of the compound may be written in the form 


k 
4.5 (nM, +mMz ) ee = 4 (99) 


mn 


Now the compound will not be formed unless the potential energy 


mn 
Ann 
the case, Amn is very nearly equal toA, kmn must be greater than 
K; in other words, the compound must be less compressible than 
a mechanical mixture of the metals. It is a general rule that 
the “ hardness ”’ of an alloy is greater than we should expect from 
its composition, and though hardness is not the same thing as the 
reciprocal of the compressibility yet some of the tests used to 
measure the hardness, e.g., the indentation produced by a loaded 
ball, seem almost more a test of compressibility, the result that 


combination diminishes the compressibility seems to be indicated. 


diminishes. Hence — — must be positive, or if, as is generally 
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